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:#&7,.*#0*=&>*2="*,."),)"*&06',06$;*,=*)G"60*"$".)0%(*4%(%0>**CG2=@*)%*.%#"0)*,*'%0"*.%'&$"\*
+2"$@*=2.G*,=*=2.0%="@*,446)6%(,$*+"0'"(),)6#"*7,.)"06,*,0"*(""4"4>**I(*)G6=*=".)6%(@*9"*4"=.067"*
%20*"++%0)=*6(*4"#"$%&6(3*,*G%'%/,.")%3"(6.*.2$)20"*)G,)*.%(#"0)=*=2.0%="*'%=)$;*)%*,."),)"@*
9G6.G*.,(*7"*+20)G"0*.%(#"0)"4*)%*"$".)06.,$*.200"()*7;!:#&7,.*#0*=&>**["*,$=%*=G%9*G%9*,*.%/
.2$)20"*$",4=*)%*"(G,(."4*0".%#"0;*%+*"$".)0%(=*SefMgT*6(*,(*5HA>*

CG6=*&0%E".)*$"4*)%*&27$6.,)6%(*%+*)9%*&""0/0"#6"9"4*E%20(,$*&,&"0=*$6=)"4*7"$%9R*

N> 1>*A>*8%&,)@*!>*D6@*<>*H>*?6))',((@*A>*I>*C%00"=*SPMNPT>**I'&%0),(."*%+*X^/*)0,(=&%0)*+0%'*
.,)G%4"=*6(*'6.0%76,$*+2"$*."$$=>**@>#(12=@>#(@*Z@*NMbN/NMbY>*

P> !>*?>*<%(4@*1>*5>*1)0;.G,0J/:$,#"(@*_>*5>*C"(4"0@*A>*I>*C%00"=*SPMNPT>**X(*"$".)0%(*
)0,(=&%0)*)G0%23G*:#&7,.*#0*76%+6$'=>**@>#(12=@>#(@*Z@*NMYY/NNMZ>*

!

AB!7%(-($.#-'C(.',&!(&<!3#)#$.',&!,/!(&,<#!@(.#-'()34!

1"#"0,$*',)"06,$=*G,#"*7""(*2="4*=2.."==+2$$;*,=*,(%4"=*)%*30%9*-?<>**A,07%(/7,="4*
"$".)0%4"=*,0"*)G"*'%=)*&%&2$,0@*,(4*9"*G,#"*"\)"(=6#"$;*2="4*30,&G6)"*,(4*.,07%(*+67"0=*,=*
,(%4"*=2&&%0)*+%0*-?<*30%9)G*6(*%20*$,7%0,)%0;*SC%00"=*")*,$>@*PMMf,`*C%00"=*")*,$>@*PMMf.`*_""*
")*,$>@*PMNMT>**X)G"0*0"=",0.G*30%2&=*G,#"*2="4*)G"="*,(4*%)G"0*.,07%(/7,="4*',)"06,$=@*=2.G*,=*
,.)6#,)"4*.,07%(*S^"*")*,$>@*PMMaT>**L%(/.%00%=6#"*'"),$=@*=2.G*,=*=),6($"==*=)""$*,(4*3%$4@*G,#"*
,$=%*7""(*2="4*,=*,(*5VA*,(%4"*S?6.G)"0*")*,$>@*PMMf`*!2',=*")*,$>@*PMMfT>***

-*',6(*0"]260"'"()*+%0*,*3%%4*,(%4"*',)"06,$*6=*)%*&0%#64"*,*G63G*=20+,."*,0",*+%0*-?<*76%+6$'=*
)%*30%9>**5,\6'6J6(3*-?<*30%9)G*,0",*',\6'6J"=*#%$2'")06.*.200"()*4"(=6)6"=*6(*5VA=>**A,07%(*
+67"0=*,0"*$63G)9"63G)@*6("\&"(=6#"@*,(4*G,#"*,*b/NP*h'*46,'")"0@*9G6.G*,$$%9=*,*G63G*=20+,."/
)%/#%$2'"*0,)6%>**^%9"#"0@*)G";*,0"*(%)*,=*.%(42.)6#"*,=*'"),$*,$$%;=*=2.G*,=*=),6($"==*=)""$@*
,(4@*)G2=@*,*.200"()*.%$$".)%0*6=*0"]260"4*)%*726$4*)G"*,(%4">**I(=)",4@*=),6($"==*=)""$*+67"0=*.%2$4*
&%==67$;*="0#"*,=*,(*,(%4"*',)"06,$@*,$=%*,$$%96(3*'%0"*"++6.6"()*.200"()*.%$$".)6%(>***-$)G%23G*
=),6($"==*=)""$*+67"0=*,0"*'%0"*"\&"(=6#"*,(4*G",#6"0*)G,(*.,07%(*+67"0=@*9"*G;&%)G"=6J"4*)G,)*
)G";*9%2$4*,$$%9*G63G*.200"()*4"(=6)6"=*,)*$%9"0*&%)"()6,$*$%=="=*42"*)%*)G"60*G63G*.%(42.)6#6);@*
6+*-?<*,0"*,7$"*)%*30%9*9"$$*%(*)G"'>**CG"0"+%0"@*9"*"#,$2,)"4*.,07%(*,(4*=),6($"==*=)""$*
,(%4"=*6(*)G"*+60=)*&G,="*%+*)G6=*&0%E".)*)%*="$".)*)G"*7"=)*',)"06,$*+%0*5VA*'%42$"=>*



"#$#%&'(#)*!&+!,)!-.#*,*#/!&0!123,0/+#4!56.0&76,%!8&9#0!:#)#0,*&0!+&0!56%6*,0;!<,=#=!
8I=R**?6))',((@*C%00"=@*,(4*D0,E',$(6F/<0%9(*S-06J%(,*1),)"*K(6#"0=6);T* *
-9,04*UR*LMMMNO/NM/5/MPQN*

* a*

["*.%'&,0"4*)G"*&"0+%0',(."=*%+*,."),)"/+"4*'6.0%76,$*"$".)0%$;=6=*."$$=*S5HA=T*96)G*30,&G6)"*
0%4=*,(4*=),6($"==*=)""$*'"=G"=@*="$".)"4*,=*=6'&$"*,(%4"=*)%*0,&64$;*)"=)*)G"*,++6(6);*%+*-?<*
)%9,04=*)G"'>**["*="$".)"4*'"=G"=*',4"*+0%'*QNa/30,4"*=),6($"==*=)""$*+%0*)G"="*=)246"=>**["*
.%(42.)"4*="#"0,$*)06,$=*96)G*)G"*5HA=@*=6'6$,0*)%*,=*9"*G,#"*4%("*6(*)G"*&,=)*SC%00"=*")*,$>@*
PMMf7`*8,0,'"=9,0,(*")*,$>@*PMMYT@*,(4*)G"*&"0+%0',(."*%+*%("*=")*%+*5HA=*6=*0"&%0)"4*6(*
V6320"*N>N>**-=*"\&".)"4*96)G*30,&G6)"*0%4*,(%4"=@*9"*9"0"*,7$"*)%*,.G6"#"*.200"()*4"(=6)6"=*%+*
iNN*-*',(

/P*,)*,*&%6="4*,(%4"*&%)"()6,$*%+*/M>O*j*#=>*-3k-3A$*SV6320"*N>NS,TT*9G"(*6(%.2$,)"4*
96)G*,(,"0%76.*463"=)"4*=$243"*,=*6(%.2$2'>**CG6=*6=*.%(=6=)"()*96)G*%20*&0"#6%2=*0"=2$)=*2=6(3*
30,&G6)"*,=*,(%4"*',)"06,$@*9G"0"6(*9"*G,#"*7""(*,7$"*)%*"(06.G*+%0*:#&7,.*#0*=&&>*,(4*%7),6(*
=6'6$,0*.200"()*4"(=6)6"=*,)*)G6=*&%6="4*&%)"()6,$*SC%00"=*")*,$>@*PMMYT>**["*9"0"*2(,7$"*)%*"(06.G*
+%0*"++6.6"()*-?<*+0%'*)G"*=,'"*,(,"0%76.*463"=)"4*=$243"*6(%.2$2'*2=6(3*,*=),6($"==*=)""$*
'"=G*,(%4"*,)*,*&%6="4*&%)"()6,$*%+*/M>O*j*#=>*-3k-3A$*S4,),*(%)*=G%9(T>**[G"(*9"*2="4*
"(06.G"4*-?<*.2$)20"=*,=*6(%.2$2'*6(*=),6($"==*=)""$*,(%4"*5HA=@*9"*%7="0#"4*.200"()*
3"("0,)6%(@*72)*.200"()*4"(=6)6"=*9"0"*,(*%04"0*%+*',3(6)24"*$%9"0*)G,(*+%0*30,&G6)"*0%4*5HA=*
SV6320"*N>N*S7TT>**

*

!"#$%&'*)*)''8#0+&0(,).#!&+!,.#*,*#/+#4!5R@=!96*>!C,D!,!30,'>6*#!0&4!,)&4#!,)4!C7D!,!=*,6)%#==!

=*##%!(#=>!,)&4#A!B>#!,)&4#!'&*#)*6,%!9,=!'&6=#4!,*!/UAQ!V!$=A!-3W-3@%A!!B>#!30,'>6*#!0&4!

,)&4#!5R@!9,=!&'#0,*#4!6)!7,*.>!(&0#!2)*6%!4,;!II!,)4!*>#)!.&)*6)2&2=%;!+#4!+&0!*>#!0#=*!&+!

*>#!420,*6&)A!!B>#!5R@!96*>!*>#!=*,6)%#==!=*##%!,)&4#!9,=!&'#0,*#4!6)!7,*.>!(&4#!*>0&23>!*>#!

0#'&0*#4!420,*6&)!&+!&'#0,*6&)A!!X&*#!*>#!46++#0#)*!=.,%#=!&)!*>#!$#0*6.,%!,J#=A'

["*&%=)2$,)"4*)G,)*)G"*=),6($"==*=)""$*=20+,."*G6(4"0"4*)G"*"(06.G'"()*+%0*-?<*"++6.6"()*6(*
"\)0,."$$2$,0*"$".)0%(*)0,(=&%0)*SHHCT*2=6(3*,*.%(42.)6#"*76%+6$'*',)06\>**["*)G2=*.%(42.)"4*
.;.$6.*#%$),''")0;*SAjT*=.,(=*%(*%("*=")*%+*30,&G6)"*0%4*,(4*=),6($"==*=)""$*'"=G*,(%4"*5HA=*
)%*.%'&,0"*)G"*&%==67$"*HHC*'".G,(6='=*7")9""(*)G"*)9%>**CG"="*Aj*=.,(=*,0"*=G%9(*6(*
V6320"*N>P>**CG"*.20#"*+%0*)G"*30,&G6)"*0%4*,(%4"*5HA*SV6320"*P>P*S,TT*+6)=*)G"*L"0(=)/5%(%4*
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"#$#%&'(#)*!&+!,)!-.#*,*#/!&0!123,0/+#4!56.0&76,%!8&9#0!:#)#0,*&0!+&0!56%6*,0;!<,=#=!
8I=R**?6))',((@*C%00"=@*,(4*D0,E',$(6F/<0%9(*S-06J%(,*1),)"*K(6#"0=6);T* *
-9,04*UR*LMMMNO/NM/5/MPQN*

* b*

'%4"$*S+6))6(3*(%)*=G%9(T*S5,0.2=*")*,$>@*PMMb`*C%00"=*")*,$>@*PMMf7T>**CG6=*=2.."==+2$*'%4"$*+6)@*
6(*.%'76(,)6%(*96)G*)G"*G63G*.200"()*4"(=6)6"=@*.%(+60'=*)G"*2="*%+*,*.%(42.)6#"*76%+6$'*',)06\*
+%0*HHC>**CG"*HD-*#,$2"*4")"0'6("4*+0%'*)G"*.20#"*+6))6(3*9,=*/M>OQ*j*#=>*-3k-3A$`*)G6=*6=*
.%(=6=)"()*96)G*#,$2"=*4")"0'6("4*+%0*:#&7,.*#0*=&>**SC%00"=*")*,$>@*PMMf7T>**

A%()0,=)6(3$;@*)G"*.20#"*+%0*)G"*5HA*96)G*)G"*=),6($"==*=)""$*'"=G*,(%4"*SV6320"*P>P*S7TT*464*(%)*
+6)*)G"*L"0(=)/5%(%4*'%4"$@*"#"(*9G"(*2=6(3*,(*"(06.G"4*6(%.2$2'>**["*7"$6"#"*)G,)*=),6($"==*
=)""$*',;*G,#"*6(42."4*,*.G,(3"*6(*)G"*HHC*'".G,(6='>**I)*6=*F(%9(*)G,)*X'.l@*,(*%2)"0*
'"'70,("*.;)%.G0%'"*6(*:#&7,.*#0*=&&>*6=*0"]260"4*+%0*"++6.6"()*HHC*,(4*%&)6',$*.200"()*
3"("0,)6%(*SI(%2"*")*,$>@*PMNNT>**["*=2=&".)*)G,)*=),6($"==*=)""$*6(G676)"4*)G"*+2(.)6%(6(3*%+*)G6=*
.;)%.G0%'"@*"6)G"0*42"*)%*6)=*6(G"0"()*.G"'6.,$*&0%&"0)6"=*%0*$",.G6(3*%+*'"),$*6%(=@*=2.G*,=*
(6.F"$*,(4*.G0%'62'*)G,)*.%2$4*G,#"*6()"0,.)"4*("3,)6#"$;*96)G*6'&%0),()*&0%)"6(=>**["*,0"*
6()"0"=)"4*6(*.%()6(26(3*)%*"#,$2,)"*)G"*&"0+%0',(."*%+*=),6($"==*=)""$*,(%4"=*)%*3,6(*+20)G"0*
6(=63G)*6()%*)G"*0",=%(=*+%0*)G"*&%%0"0*&"0+%0',(."*%+*-?<>**^%9"#"0@*36#"(*)G"*=G%0)*)6'"$6("*
%+*)G"*&0%E".)@*9"*'%#"4*+%09,04*96)G*)G"*2="*%+*30,&G6)"*+67"0=*,=*,(%4"=*+%0*)G"*5VA*
'%42$"=>*

*

!"#$%&'*)+)''@V!=.,)=!&+!,.#*,*#/+#4!5R@=!96*>!C,D!30,'>6*#!0&4!,)&4#!,)4!C7D!=*,6)%#==!=*##%!

,)&4#G!'#0+&0(#4!,+*#0!'=#24&!=*#,4;!=*,*#A!!B>#!=.,)!0,*#!9,=!M!(V!=/MA!!X&*#!*>#!46++#0#)*!

=.,%#=!&)!*>#!$#0*6.,%!,J#=A'

!

DB!7%(-($.#-'C(.',&!(&<!3#)#$.',&!,/!(&',&!#E$%(&F#!@#@8-(&#4!

CG"*6%(*"\.G,(3"*'"'70,("*="0#"=*)9%*&20&%="=*6(*,(*5VA>**CG"*+60=)*6=*)%*,#%64*.0%==%#"0*%+*
XP*+0%'*)G"*.,)G%4"*.G,'7"0*)%*)G"*,(%4"*.G,'7"0@*9G"0"*,(,"0%76.*.%(46)6%(=*(""4*)%*7"*
',6(),6("4*+%0*%&)6'2'*30%9)G*,(4*,.)6#6);*%+*"++6.6"()*-?<>**-#%646(3*XP*.0%==%#"0*,$=%*,#%64=*
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"#$#%&'(#)*!&+!,)!-.#*,*#/!&0!123,0/+#4!56.0&76,%!8&9#0!:#)#0,*&0!+&0!56%6*,0;!<,=#=!
8I=R**?6))',((@*C%00"=@*,(4*D0,E',$(6F/<0%9(*S-06J%(,*1),)"*K(6#"0=6);T* *
-9,04*UR*LMMMNO/NM/5/MPQN*

* f*

)G"*30%9)G*%+*,"0%76.*G")"0%)0%&G6.*7,.)"06,*)G,)*9%2$4*4".0",="*)G"*A%2$%'76.*"++6.6"(.;*7;*
46#"0)6(3*"$".)0%(=*&0"="()*6(*)G"*=27=)0,)"*)%9,04=*)G"*0"42.)6%(*%+*XP>**CG"*=".%(4*6=*)%*,$$%9*
"++6.6"()*,(4*&0"+"0"()6,$*)0,(=&%0)*%+*6%(=*+0%'*)G"*,(%4"*.G,'7"0*)%*)G"*.,)G%4"*.G,'7"0@*%0*
$6.#!$#0=,@*)%*',6(),6(*"$".)0%("2)0,$6);>***

I)*G,=*7""(*=G%9(*6(*)G"*&,=)*)G,)*2=6(3*,*&0%)%(*"\.G,(3"*'"'70,("*S8H5T@*9G6.G*(""4=*)%*
)0,(=&%0)*^c*&0%42."4*+0%'*,(%4"*0"=&60,)6%(*)%*)G"*.,)G%4"*.G,'7"0@*$",4=*)%*)G"*
4"#"$%&'"()*%+*&^*30,46"()=*7")9""(*)G"*,(%4"*,(4*)G"*.,)G%4"*.G,'7"0=@*96)G*)G"*.,)G%4"*
.G,'7"0*&^*=G%9(*%+)"(*)%*0",.G*.$%="*)%*NQ*S?%J"(4,$*")*,$>@*PMMbT>**V0%'*)G"*L"0(=)*
"]2,)6%(@*6)*6=*F(%9(*)G,)*"#"0;*&^*2(6)*)G,)*)G"*.,)G%4"*&^*6=*G63G"0*)G,(*)G"*,(%4"*&^*$",4=*
)%*,*$%==*%+*iaM*'j*%+*)G"0'%4;(,'6.*&%)"()6,$*,)*0%%'*)"'&"0,)20">**CG"*2(4"0$;6(3*0",=%(*
+%0*)G6=*&^*6'7,$,(."*6=*)G,)*)G"*,(%4"*.G,'7"0*.%(),6(=*%)G"0*.,)6%(=*=2.G*,=*L,c*,(4*Dc@*
9G6.G*,0"*&0"="()*6(*=2.G*G63G*.%(."()0,)6%(=*SNM/NMM*'5T*6(*.%'&,06=%(*)%*^c*SiNM/O*'5T@*
)G,)*"$".)0%("2)0,$6);*6=*',6(),6("4*)G0%23G*)0,(=&%0)*%+*)G"="*6%(=*6(=)",4*%+*^c>***

?"=",0.G"0=*G,#"*6(#"=)63,)"4*)G"*2="*%+*%)G"0*'"'70,("=@*=2.G*,=*,(6%(*"\.G,(3"*
'"'70,("=*S-H5=T*SC%00"=*")*,$>@*PMMf.T@*76&%$,0*'"'70,("=*SC"0*^"6E("*")*,$>@*PMMaT@*,(4*
=6'&$"*+6$)"0=k6(=2$,)%0=*SD6'*")*,$>@*PMMbT@*)%*,#%64*)G"*6==2"*%+*&^*6'7,$,(."*7")9""(*)G"*
,(%4"*,(4*)G"*.,)G%4"*.G,'7"0=>**X+*)G"="@*-H5=*G,#"*7""(*+%2(4*)%*&"0+%0'*9"$$*S^,0(6=.G*
")*,$>@*PMMf`*1$"2)"$=*")*,$>@*PMMYT>**[G"(*2=6(3*,(*-H5*)%*="&,0,)"*)G"*,(%4"*,(4*)G"*.,)G%4"@*
"$".)0%("2)0,$6);*6=*',6(),6("4*7;*)0,(=&%0)*%+*X^/*+0%'*)G"*.,)G%4"*.G,'7"0*)%*)G"*,(%4"*
.G,'7"0@*"6)G"0*460".)$;*%0*#6,*,(6%(6.*72++"0=*=2.G*,=*&G%=&G,)"*,(4*.,07%(,)"*=&".6"=>**CG"*
2="*%+*-H5=*G,=*.%(=6=)"()$;*=G%9(*)%*0"42."*)G"*&^*6'7,$,(."*7")9""(*)G"*,(%4"*,(4*)G"*
.,)G%4"*.G,'7"0=*6(*#,06%2=*5mA=@*,(4*9"*)G2=*4".64"4*)%*2="*-H5=*6(*4"#"$%&6(3*%20*5VA*
&0%)%);&"=>*

[G6$"*)G"*2="*%+*-H5=*)%*)0,(=&%0)*X^/*+0%'*)G"*.,)G%4"*.G,'7"0*)%*)G"*,(%4"*.G,'7"0*G,=*
7""(*&0%&%="4*=6(."*PMMb@*,*=;=)"',)6.*=)24;*%+*#,06%2=*.%''"0.6,$$;*,#,6$,7$"*-H5=@*6(*)"0'=*
%+*)G"60*0"=6=),(."*)%*6%(*)0,(=&%0)*6(*.%(46)6%(=*0"$"#,()*)%*5VA=@*G,=*(%)*7""(*&"0+%0'"4>**
CG2=@*9"*2="4*"$".)0%.G"'6.,$*6'&"4,(."*=&".)0%=.%&;*SHI1T*)%*.G,0,.)"06J"*+6#"*.%''"0.6,$$;*
,#,6$,7$"*-H5=*SC,7$"*P>NT*6(*)G6=*,=&".)>**V%0*)G"="*"\&"06'"()=@*9"*2="4*"$".)0%.G"'6.,$*."$$=*
.%(),6(6(3*)9%*.G,'7"0=*+6$$"4*96)G*0"$"#,()*=%$2)6%(=*S6(46#642,$$;*NMM*'5*8<1*,(4*NMM*'5*
L,^AXQT@*96)G*=),6($"==*=)""$*0%4*"$".)0%4"=@*,(4*="&,0,)"4*7;*)G"*'"'70,("*)%*7"*
.G,0,.)"06J"4>**["*&"0+%0'"4*HI1*%(*)G"*."$$*96)G*%("*=),6($"==*=)""$*0%4*,=*)G"*9%0F6(3*
"$".)0%4"@*)G"*%)G"0*,=*)G"*.%2()"0*,(4*0"+"0"(."*"$".)0%4"@*,(4*,)*PMM*5^J*,(4*,'&$6)24"*%+*
M>MP*j>**CG6=*,$$%9"4*'",=20"'"()*%+*)G"*XG'6.*$%==*7")9""(*)G"*)9%*"$".)0%4"=*+%0*#,06%2=*
'"'70,("=>**["*,$=%*&"0+%0'"4*HI1*,(,$;=6=*96)G%2)*,*'"'70,("*)%*3")*)G"*7,.F30%2(4*



"#$#%&'(#)*!&+!,)!-.#*,*#/!&0!123,0/+#4!56.0&76,%!8&9#0!:#)#0,*&0!+&0!56%6*,0;!<,=#=!
8I=R**?6))',((@*C%00"=@*,(4*D0,E',$(6F/<0%9(*S-06J%(,*1),)"*K(6#"0=6);T* *
-9,04*UR*LMMMNO/NM/5/MPQN*

* Y*

XG'6.*$%==*+0%'*)G"*$6]264*=%$2)6%(=*2="4@*)G2=*',F6(3*6)*&%==67$"*)%*4")"0'6("*)G"*0"=6=),(."*
)%*6%(*)0,(=&%0)*%($;*+0%'*)G"*'"'70,(">*

,-./&'+)*)''Y6=*!&+!(#(70,)#=!*#=*#4G!6).%246)3!*>#60!=2''%6#0!,)4!'>;=6.,%!'0&'#0*6#=A'

>#@8-(&#! G9++)'#-! "%'$H&#33! +I!G.(8')'.J!

-5I/bMMN* 5"'70,("=*I()"0(,)6%(,$@*K1-* M>ZM/M>ZN* N/NM*

H\."$$6%(*I/PMM* 1(%9820"@*K1-* M>QP/M>QO* L?*

V2',="&*V--* V25,/C".G@*:"0',(;* M>NQ/M>NZ* a/NQ*

V2',="&*V-<* V25,/C".G@*:"0',(;* M>NM/M>NQ* M/NO*

-PMN* C%F2;,',@*n,&,(* M>MPf* M/NO*

*

["*=G%9*6(*V6320"*P>N*)G"*0"=6=),(."=*)%*6%(*)0,(=&%0)*+0%'*46++"0"()*'"'70,("=*6(*NMM*'5*
8<1*SV6320"*P>N*S,TT*,(4*NMM*'5*L,^AXQ*SV6320"*P>N*S7TT>**-5I/bMMN*6=*,*=),(4,04*-H5*)G,)*6=*
2="4*6(*#,06%2=*$,7%0,)%0;*5mA*=)246"=*S8,0,'"=9,0,(*")*,$>@*PMMYT>**["*+%2(4*)G,)@*%+*,$$*)G"*
'"'70,("=*9"*)"=)"4@*-5I/bMMN*G,4*,'%(3*)G"*$,03"=)*0"=6=),(."=*)%*)0,(=&%0)*%+*,(6%(=>**CG"*
V--@*V-<@*,(4*-PMN*'"'70,("=*&0%#64"4*=63(6+6.,()$;*$"==*0"=6=),(."*)%*,(6%(*)0,(=&%0)*
.%'&,0"4*)%*)G"*-5I/bMMN*,(4*I/PMM*'"'70,("=>***

*

!"#$%&'+)*)!!E#=6=*,).#=!&+!$,06&2=!(#(70,)#=!*#=*#4!6)!C,D!MUU!(5!8<1G!,)4!C7D!MUU!(5!

X,K@HPA!

!"
#!"
$!"
%!"
&!"
'!"
(!"
)!"
*!"
+!"

#!!"

!"#$%&&'( (#$)&&( *!!( *!+( !)&'(

,-
./
.0
12

3-
(45

67
$3
7

) 8
(

418(

!"

#!"

$!"

%!"

&!"

'!"

(!"

)!"

*!"

+!"

!"#$%&&'( (#$)&&( *!!( *!+( !)&'(

,-
./
.0
12

3-
(45

67
$3
7

) 8
(

498(



"#$#%&'(#)*!&+!,)!-.#*,*#/!&0!123,0/+#4!56.0&76,%!8&9#0!:#)#0,*&0!+&0!56%6*,0;!<,=#=!
8I=R**?6))',((@*C%00"=@*,(4*D0,E',$(6F/<0%9(*S-06J%(,*1),)"*K(6#"0=6);T* *
-9,04*UR*LMMMNO/NM/5/MPQN*

* NM*

["*="$".)"4*-PMN*,=*)G"*'"'70,("*)%*2="*6(*)G"*5VA*&0%)%);&"=@*=6(."*6)*&0%#64"4*)G"*$",=)*
0"=6=),(."*)%*,(6%(*)0,(=&%0)*600"=&".)6#"*%+*)G"*"$".)0%$;)">**16(."*-PMN*,$=%*G,=*,*'2.G*964"0*
0,(3"*%+*&^*=),76$6);*.%'&,0"4*)%*-5I/bMMN@*9"*,()6.6&,)"4*)G,)*-PMN*,$=%*9%2$4*7"*'%0"*
=),7$"*%#"0*$%(3/)"0'*%&"0,)6%(>*

!

KB!!7,&3.-9$.',&!(&<!+#-/,-@(&$#!,/!/'-3.!>L7!+-,.,.J+#4!

<,="4*%(*)G"*',)"06,$=*)"=)"4*S4"=.067"4*6(*=".)6%(=*N*,(4*PT*,(4*)G"*.%(."&)=*+0%'*+2"$*."$$*
4"=63(=@*=2.G*,=*'6(6'6J6(3*)G"*46=),(."*7")9""(*)G"*,(%4"*,(4*)G"*.,)G%4"@*9"*.%(=)02.)"4*
%20*+60=)*+$,)/&$,)"*5VA*&0%)%);&"*SV6320"*Q>NT>**^"0"*9"*4"=.067"*)G"*=,$6"()*+",)20"=*%+*%20*
4"=63(>**V%0*)G"*.,)G%4"@*9"*4".64"4*)%*+%$$%9*)G"*3264"$6("=*)G,)*G,#"*7""(*4"#"$%&"4*+%0*
.%(=)02.)6%(*.,)G%4"=*+%0*8H5*+2"$*."$$=>**CG"*.,)G%4"*4"=63(*7"36(=*96)G*,*="0&"()6("*+$%9*
+6"$4*SV6320"*Q>N*S,TT@*9G6.G*6=*.%(=)02.)"4*+0%'*,*30,&G6)"*7$%.F*)G,)*,$=%*,.)=*,=*,*.200"()*
.%$$".)%0>**CG6=*+$%9*+6"$4*,$$%9=*"++6.6"()*)0,(=&%0)*%+*XP*)%*)G"*,.)6#"*.,)G%4"*.,),$;=)*=6)"=>**I)*
,$=%*,$$%9=*0"'%#,$*%+*"\."==*'%6=)20"*)G,)*',;*7"*&0"="()*%(*)G"*.,)G%4">**[G6$"*9"*
.%(42.)"4*=%'"*"\&"06'"()=*4"=.067"4*7"$%9*2=6(3*)G6=*="0&"()6("*+$%9*+6"$4@*6(.$246(3*)G"*
&"0+%0',(."*%+*)G"*5VA*9"*0"&%0)*7"$%9@*9"*$,)"0*46=.%#"0"4*)G,)*)G"*+$%9*+6"$4*9,=*(%)*
"=="()6,$*6(*',6(),6(6(3*.,)G%4"*&"0+%0',(.">**CG"*+$%9*0,)"*%+*XP*6(*)G"*+$%9*+6"$4*G,04$;*
,++".)"4*)G"*.200"()*4"(=6)6"=@*,(4*,(*%&"(/,60*.,)G%4"*);&6.,$$;*,.G6"#"4*)G"*=,'"*.200"()*
4"(=6)6"=>**CG2=@*)G"*2="*%+*)G6=*="0&"()6("*+$%9*+6"$4*.%2$4*7"*"\.$24"4*9G6$"*=.,$6(3*2&*%20*
4"=63(>**^%9"#"0@*)G6=*9%2$4*0"]260"*)G"*2="*%+*,(*"++6.6"()*.200"()*.%$$".)%0>**I(*)G"*$,7%0,)%0;@*
,*=),6($"==*=)""$*&$,)"*.%(),.)6(3*)G"*.,)G%4"*,)*6)=*"43"=*S&G%)%*(%)*=G%9(T*=2++6."4@*72)*+%0*
$,03"0*=;=)"'=@*.%(."&)=*=2.G*,=*726$46(3*)G"*.,)G%4"*,0%2(4*,*=),6($"==*=)""$*'"=G*4"#"$%&"4*
7;*lG,(3*")*,$>*SPMNMT*,&&",0*&0%'6=6(3>*

L"\)*9"*4"=.067"*)G"*.,)G%4"*6)="$+@*9G6.G*6=*=G%9(*6(*V6320"*Q>N*S7T>**CG"*.,)G%4"*.%(=6=)=*%+*,*
.,07%(*.$%)G*=2&&%0)>**X(*%("*=64"*%+*)G"*.$%)G@*9G6.G*+,."=*)G"*="0&"()6("*+$%9*+6"$4*%0*6=*%&"(*
)%*,60@*,*&,=)"*%+*.,07%(*,(4*,*G;40%&G%76.*&%$;'"0*S6(*%20*.,="*&%$;46'")G;$=6$%\,("@*%0*
8!51T*6=*,&&$6"4>**CG"*.$%)G*)%3")G"0*96)G*)G6=*G;40%&G%76.*.,07%(*$,;"0*6=*0"+"00"4*)%*,=*,*3,=*
46++2=6%(*$,;"0*S:!_T>**CG"*:!_*,$$%9=*"++6.6"()*)0,(=&%0)*%+*XP*)%*)G"*.,),$;=)*=6)"=*7;*"(=206(3*
)G,)*XP*46++2=6%(*6=*(%)*$6'6)"4*7;*o+$%%46(3p*%+*)G"*.,)G%4">**X(*)G"*%)G"0*=64"*%+*)G"*.$%)G@*
9G6.G*+,."=*)%9,04=*6(=64"*)G"*0",.)%0@*)G"*.,),$;=)*$,;"0*6=*.%,)"4>**["*2="4*8)kA*,=*)G"*
.,),$;=)@*,)*$%,46(3=*%+*M>Z*'3*8)k.'P>**CG"*8)kA*&%94"0*6=*'6\"4*96)G*,(*6%(%'"0*)%*+%0'*,*
&,=)"@*9G6.G*6=*2="4*)%*&,6()*)G"*.,),$;=)*$,)"0*%(*)G"*.$%)G>**CG"*6%(%'"0*,$$%9=*)0,(=&%0)*6%(=@*



"#$#%&'(#)*!&+!,)!-.#*,*#/!&0!123,0/+#4!56.0&76,%!8&9#0!:#)#0,*&0!+&0!56%6*,0;!<,=#=!
8I=R**?6))',((@*C%00"=@*,(4*D0,E',$(6F/<0%9(*S-06J%(,*1),)"*K(6#"0=6);T* *
-9,04*UR*LMMMNO/NM/5/MPQN*

* NN*

)G2=*',6(),6(6(3*.G,03"*("2)0,$6);>**["*2="4*L,+6%(*,=*)G"*6%(%'"0*6(*)G"*+60=)*=")*%+*4"=63(=*
9"*4"=.067"*G"0"@*72)*"#,$2,)"4*6)=*2="*.06)6.,$$;*$,)"0*%(*S=""*=".)6%(*ZT>*

*
S,T *************************************************S7T*******************************************************S.T*

*
************************S4T******************************************************S"T***************************************************S+T*
!"#$%&'0)*)!!8>&*&30,'>=!&+!*>#!+60=*!+%,*/'%,*#!5?@!'0&*&*;'#!9#!4#$#%&'#4!,*!$,06&2=!=*,3#=!&+!

.&)=*02.*6&)A!!1##!*>#!*#J*!+&0!4#*,6%=A!

V0%'*)G"*=)246"=*4"=.067"4*6(*=".)6%(*P@*9"*="$".)"4*-PMN*,=*)G"*-H5*%+*.G%6."*6(*)G"*5VA*
4"=63(>**CG"*'"'70,("*6=*&$,."4*6''"46,)"$;*("\)*)%*)G"*.,)G%4"*SV6320"*Q>N*S.TT*)%*'6(6'6J"*
46=),(."*7")9""(*)G"*,(%4"*,(4*)G"*.,)G%4">**X(*)G"*=64"*%+*)G"*'"'70,("*%&&%=6)"*)%*)G"*
%("*+,.6(3*)G"*.,)G%4"@*9"*&$,."4*,*=),6($"==*=)""$*'"=G*SV6320"*Q>N*S4TT>**I(*%)G"0*=)246"=*)G,)*
9"*G,#"*4%("*96)G*#,06%2=*5VA*4"=63(=@*9"*G,4*(%)"4*)G,)*)G"*+$%9*%+*,(6%(=*+0%'*)G"*
.,)G%4"*)%*)G"*,(%4"*.G,'7"0*.,2="=*)G"*'"'70,("*)%*4"+%0'@*7"(46(3*)%9,04=*)G"*,(%4"*
=64">**CG6=*4"+%0',)6%(*$",4=*)%*6(.0",="4*XG'6.*$%=="=>**X)G"0=*,$=%*G,#"*=""(*)G6=*
&G"(%'"(%(*SlG,(3*")*,$>@*PMNMT>**["*)G2=*2="4*)G"*'"=G*)%*=2&&%0)*)G"*'"'70,("*,3,6(=)*
)G"*.,)G%4"*6(*%04"0*)%*&0"#"()*'"'70,("*4"+%0',)6%(>**I(*=27="]2"()*)06,$=*S(%)*0"&%0)"4*
G"0"T@*9"*0"&$,."4*)G"*=),6($"==*=)""$*'"=G*96)G*,*&$,=)6.*'"=G*)%*,#%64*.%00%=6%(>*

-+)"0*)G"*'"=G*)%*=2&&%0)*)G"*'"'70,("@*9"*&$,."4*)G"*,(%4"@*9G6.G*.%(=6=)"4*%+*,*)6),(62'*
+0,'"*,.)6(3*,=*,*.200"()*.%$$".)%0@*96)G*9%2(4*.,07%(*+67"0=*)%*,$$%9*"(%23G*,(%4"*,0",*+%0*
-?<*)%*30%9*SV6320"*Q>NS"TT>**CG"*,(%4"*.G,'7"0*9,=*)G"(*.$%="4*96)G*,*8$"\63$,=*+0,'">**-*
&G%)%30,&G*%+*)G"*+6(,$*=")/2&*6=*=G%9(*6(*V6320"*Q>N*S+T>**I(*%20*&0%)%);&"=@*9"*2="4*,(*,(%4"*



"#$#%&'(#)*!&+!,)!-.#*,*#/!&0!123,0/+#4!56.0&76,%!8&9#0!:#)#0,*&0!+&0!56%6*,0;!<,=#=!
8I=R**?6))',((@*C%00"=@*,(4*D0,E',$(6F/<0%9(*S-06J%(,*1),)"*K(6#"0=6);T* *
-9,04*UR*LMMMNO/NM/5/MPQN*

* NP*

#%$2'"*%+*NMM*'_@*72)*)G6=*.,(*7"*",=6$;*,4E2=)"4*)%*,.G6"#"*0"]260"4*0,)"=*%+*&%9"0*
&0%42.)6%(>*

["*.%(42.)"4*)G0""*)06,$=*2=6(3*)G6=*4"=63(@*0"&$,.6(3*."0),6(*"$"'"()=*S">3>@*)G"*'"=G*',)"06,$*
)%*=2&&%0)*)G"*'"'70,("T*6(*",.G*6)"0,)6%(>**["*0"&%0)*G"0"*0"=2$)=*+0%'*%($;*%("*%+*)G"*)06,$=>**
I(*,$$*)06,$=@*9"*2="4*,."),)"*,=*)G"*"$".)0%(*4%(%0*+%0*-?<*,(4*6(%.2$,)"4*)G"*5VA=*96)G*,*
:#&7,.*#0*=&>/"(06.G"4*6(%.2$2'*+0%'*%)G"0*%&"0,)6(3*0",.)%0=*6(*%20*$,7%0,)%0;>**["*2="4*,*
&G%=&G,)"/72++"0"4*'"462'*+%0*30%96(3*-?<@*9G6.G*G,=*,*.%(42.)6#6);*%+*NZ>Z*'1k.'>**["*
=),0)"4*,$$*5VA=*6(*7,).G/'%4"@*,(4*=96).G"4*)G"'*)%*.%()6(2%2=*'%4"*%(."*9"*%7="0#"4*
.200"()*&0%42.)6%(@*,)*,*G;40,2$6.*0")"()6%(*)6'"*%+*O/a*G%20=>**["*%&"0,)"4*,$$*5VA=*96)G*,*
&%)"()6%=),)@*96)G*)G"*,(%4"*&%)"()6,$*&%6="4*,)*/M>Q*j*#=>*-3k-3A$>**["*.%()6(2%2=$;*
'%(6)%0"4*)G"*.200"()*&0%42.)6%(@*,=*9"$$*,=*)G"*.,)G%4"*&%)"()6,$@*)%*4")"0'6("*&%9"0*
4"(=6)6"=>**["*=G%9*6(*V6320"*Q>P*7"$%9@*)G"*&"0+%0',(."*%+*%("*%+*)G"*&0%)%);&"=*9"*
.%(=)02.)"4>**

*

!"#$%&'0)+)**8#0+&0(,).#!&+!&)#!&+!&20!5?@!'0&*&*;'#=!6)!*#0(=!&+!.200#)*!4#)=6*;!$=A!*6(#A*

K=6(3*,(*,.)6#"*6(%.2$2'@*9"*%7="0#"4*.200"()*&0%42.)6%(*96)G6(*%("*4,;*%+*=),0)6(3*)G"*5VA>**
CG"*.,)G%4"*%&"(*.60.26)*&%)"()6,$*SXA8@*6>">@*9G"(*.200"()*&0%42.)6%(*G,4*(%)*7"32(T*9,=*cM>O*
j*#=>*-3k-3A$>**CG6=*6=*$%9"0*)G,(*)G"*"\&".)"4*)G"%0")6.,$*XA8*+%0*%\;3"(*0"42.)6%(*%+*cM>ZO*j*
#=>*-3k-3A$*S%0*cM>fN*j*#=>*1^HT>**I(*%)G"0*)06,$=@*)G"*XA8*9,=*,=*$%9*,=*icM>NZ*j*#=>*-3k-3A$@*
=233"=)6(3*)G,)*0%23G$;*M>P/M>O*j*%+*)G"%0")6.,$$;*,#,6$,7$"*#%$),3"*9,=*$%=)*"#"(*96)G%2)*,(;*
.200"()*&0%42.)6%(@*&%==67$;*42"*)%*'6\"4*&%)"()6,$*,06=6(3*+0%'*&%==67$"*=64"*0",.)6%(=>**CG"*
.200"()*4"(=6);*6(.0",="4*96)G*)6'"*2&*)%*iN>Z*-k'.,)G%4"

P@*,+)"0*9G6.G*)G"0"*9,=*,*4".0",="*

Continuous 
feed!

Cathode 
potential 

-0.3 V!

Cathode 
potential 

+0.4 V!

Cathode 
potential  

0 V!



"#$#%&'(#)*!&+!,)!-.#*,*#/!&0!123,0/+#4!56.0&76,%!8&9#0!:#)#0,*&0!+&0!56%6*,0;!<,=#=!
8I=R**?6))',((@*C%00"=@*,(4*D0,E',$(6F/<0%9(*S-06J%(,*1),)"*K(6#"0=6);T* *
-9,04*UR*LMMMNO/NM/5/MPQN*

* NQ*

42"*)%*.%(=2'&)6%(*%+*,$$*,."),)"@*=6(."*)G"*,(%4"*#%$2'"*9,=*#"0;*=',$$>**["*=96).G"4*)G"*
5VA*)%*.%()6(2%2=*'%4"*)G"0",+)"0@*,(4*)G"*.200"()*4"(=6);*6(.0",="4*)%*2&*)%*Z*-k'P>**

CG"*.%()6(2%2=*'",=20"'"()*%+*)G"*.,)G%4"*&%)"()6,$*=G%9"4*)G,)@*7;*N>Z*-k'P@*)G"*.,)G%4"*
&%)"()6,$*G,4*,$0",4;*4".0",="4*)%*M*j*#=>*-3k-3A$>**CG6=*0"&0"="()=*,*&%9"0*4"(=6);*%+*iOZM*
'[k'P>**CG"*',\6'2'*&%9"0*4"(=6);*9,=*,.G6"#"4*,)*,*.200"()*4"(=6);*%+*iO*-k'P@*9G"(*)G"*
.,)G%4"*&%)"()6,$*9,=*i/M>N*j*#=>*-3k-3A$@*9G6.G*,'%2()=*)%*,*&%9"0*4"(=6);*%+*ifMM*'[k'P>**
CG"="*&%9"0*4"(=6)6"=*,0"*%(*)G"*$%9"0*"(4*%+*9G,)*G,=*7""(*%7="0#"4*6(*$,7%0,)%0;*=)246"=*6(*
)G"*&,=)*Q/O*;",0=*6(*%20=*SC%00"=*")*,$>@*PMMf.T@*,=*9"$$*,=*%)G"0*30%2&=*S_%3,(*")*,$>@*PMMfT>**<;*
Z*-k'P@*)G"*.,)G%4"*&%)"()6,$*0",.G"4*/M>Q*j*#=>*-3k-3A$@*,)*9G6.G*&%6()*(%*&%9"0*9,=*7"6(3*
&0%42."4>**16(."*)G"*,(%4"*&%)"()6,$*9,=*=")*,)*/M>Q*j*#=>*-3k-3A$@*%($;*iM>PZ*j*9,=*$%=)*)%*
,(%4"*&%)"()6,$*$%=="=*S,(%4"*XA8*=G%2$4*7"*i/M>ZZ*j*#=>*-3k-3A$T*,)*)G"*G63G"=)*.200"()*
4"(=6)6"=@*9G6$"*iM>fZ*j*9,=*$%=)*,)*)G"*.,)G%4">**L%)"*)G,)*)G6=*,$=%*6(.$24"=*)G"*XG'6.*$%==@*
9G6.G*9"*"=)6',)"*)%*7"*dM>N*j@*2($"==*6%(6.*.%(),.)*7")9""(*)G"*'"'70,("*,(4*)G"*.,)G%4"*
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$6'6),)6%(=*G,#"*7""(*6(.0",=6(3$;*4")"0'6("4*,=*,*F";*&,0,'")"0*6(*=.,$6(3*2&*5VA=*7,="4*%(*
#,06%2=*%)G"0*=)246"=*6(*)G"*$,=)*+"9*;",0=*SAG"(3*,(4*_%3,(@*PMMa`*?6=',(6/q,J46*")*,$>@*PMMb`*
V,(*")*,$>@*PMMbT>**CG2=@*9"*4".64"4*)%*+%.2=*%(*2(4"0=),(46(3*)G"*5VA*.,)G%46.*$6'6),)6%(=*6(*
'%0"*4"),6$*S1".)6%(*ZT>**["*7"$6"#"*)G,)*=%$#6(3*.,)G%46.*$6'6),)6%(=*96$$*7"*,(*6'&%0),()*=)"&*
6(*3",06(3*5VA=*)%9,04=*=.,$"/2&*,(4*&0,.)6.,$*,&&$6.,)6%(=>**

!

MB!!7%(-($.#-'C(.',&!,/!(&,<#!(&<!0%@'$!),33#3!'&!>N734*

<"+%0"*.%(42.)6(3*=)246"=*%(*)G"*.,)G%4"@*9"*4")"0'6("4*)G"*,(%4"*,(4*XG'6.*$%=="=*6(*%20*
4"=63(>**C%*4%*)G6=@*9"*.%(42.)"4*+20)G"0*=)246"=*6(*'6.0%76,$*"$".)0%$;=6=*."$$=*S5HA=T>**I(*5HA=@*
XP*6=*"\.$24"4*+0%'*)G"*.,)G%4"@*,(4*6(=)",4*9,)"0*6=*0"42."4*)%*^P*3,=>**CG"*,7="(."*%+*XP*,)*
)G"*.,)G%4"*6=*,4#,(),3"%2=*)%*.G,0,.)"06J"*)G"*,(%4"@*6(*9G6.G*-?<*.%2$4*7"*6(G676)"4*7;*)G"*
XP*46++2="4*+0%'*)G"*.,)G%4">**CG6=*.%(+6320,)6%(*0"]260"=*iM>NO*j*%+*"("03;*6(&2)*)%*',F"*)G"*
^P/"#%$2)6%(*0",.)6%(*%(*)G"*.,)G%4"*)G"0'%4;(,'6.,$$;*+,#%0,7$">**I(*0",$6);@*,446)6%(,$*
#%$),3"*(""4=*)%*7"*,&&$6"4*)%*%#"0.%'"*&%)"()6,$*$%=="=*,)*)G"*,(%4"@*,)*)G"*.,)G%4"@*,(4*42"*
)%*6%(*)0,(=&%0)*S6>">@*XG'6.*$%=="=T>**<;*)0,.F6(3*)G"*,&&$6"4*#%$),3"*,=*,*+2(.)6%(*%+*.200"()*
4"(=6);*,(4*2=6(3*#,06%2=*"$".)0%.G"'6.,$*)".G(6]2"=@*9"*.%2$4*="&,0,)"*)G"*.%()0672)6%(*%+*
",.G*)%*)G"*)%),$*,&&$6"4*#%$),3">**V%0*)G"="*=)246"=@*9"*2="4*,(*5HA*)G,)*6(.$24"4*)G"*=,'"*
,(%4"*,(4*'"'70,("*9"*2="4*6(*%20*5VA*&0%)%);&"=*S=""*V6320"*O>N*+%0*&G%)%30,&G*%+*5HAT@*



"#$#%&'(#)*!&+!,)!-.#*,*#/!&0!123,0/+#4!56.0&76,%!8&9#0!:#)#0,*&0!+&0!56%6*,0;!<,=#=!
8I=R**?6))',((@*C%00"=@*,(4*D0,E',$(6F/<0%9(*S-06J%(,*1),)"*K(6#"0=6);T* *
-9,04*UR*LMMMNO/NM/5/MPQN*

* NO*

,=*9"$$*,=*)G"*=,'"*4"=63(*+",)20"=*S+%0*">3>*=G%0)*46=),(."@*6>">*dM>Z*.'@*7")9""(*)G"*,(%4"*
,(4*)G"*.,)G%4"T>*

!

!"#$%&'1)*)!!8>&*&30,'>!&+!5R@!2=#4!*&!=*24;!,)&4#!,)4!H>(6.!%&==#=!+&0!&20!#%#.*0&4#!

.&)+6320,*6&)A!

I(*)G"*+$,)/&$,)"*5HA@*9"*9"0"*,7$"*)%*,.G6"#"*#%$2'")06.*.200"()*4"(=6)6"=*%+*2&*)%*ZMM*
-k',(%4"

Q>**L%)"*)G,)*9"*2="*)G"*.200"()*4"(=6);*(%0',$6J"4*)%*,(%4"*#%$2'"*6(*)G"*46=.2==6%(*
G"0"@*,=*%&&%="4*)%*)G,)*(%0',$6J"4*)%*.,)G%4"*,0",@*=6(."*96)G*6'&0%#6(3*)G"*,(%4"*
&"0+%0',(."*,(4*0"42.6(3*XG'6.*$%=="=@*)G"*&06',0;*,6'*6=*)%*%7),6(*G63G*,(%46.*#%$2'")06.*
.200"()*4"(=6)6"=>**X(."*)G"*-?<*76%+6$'*G,4*+2$$;*30%9(*,(4*,*=)",4;/=),)"*.200"()*4"(=6);*9,=*
0",.G"4@*9"*&"0+%0'"4*.;.$6.*#%$),''")0;*SAjT*%(*)G"*76%+6$'*)%*3")*6(=63G)=*6()%*,(%4"*
&%)"()6,$*$%=="=>**["*=G%9*)G"*Aj*7"$%9*6(*V6320"*O>P>**CG"*Aj=*=G%9"4*);&6.,$*L"0(=)/5%(%4*
7"G,#6%0*%+*-?<*F6(")6.=@*96)G*)G"*',\6'2'*.200"()*4"(=6)6"=*,.G6"#"4*7;*,(*,(%4"*&%)"()6,$*
%+*/M>QZ*j*#=>*-3k-3A$>**CG6=*0"&0"="()=*,(*,(%4"*&%)"()6,$*$%==*%+*%($;*M>P*j@*9G6.G*,30""=*96)G*
%20*&0"#6%2=*=)246"=*4"=.067"4*6(*)G6=*0"&%0)>**CG"*',\6'2'*#%$2'")06.*.200"()*4"(=6);*9"*
0"&%0)*G"0"*,$=%*6=*,'%(3*)G"*G63G"=)*0"&%0)"4@*.%(+60'6(3*)G,)*2=6(3*,*$,03"*=20+,."*,0",*
,(%4"*,$$%9"4*0",.G6(3*G63G*.200"()*4"(=6)6"=@*9G6$"*'6(6'6J6(3*,446)6%(,$*&%)"()6,$*$%=="=>*



"#$#%&'(#)*!&+!,)!-.#*,*#/!&0!123,0/+#4!56.0&76,%!8&9#0!:#)#0,*&0!+&0!56%6*,0;!<,=#=!
8I=R**?6))',((@*C%00"=@*,(4*D0,E',$(6F/<0%9(*S-06J%(,*1),)"*K(6#"0=6);T* *
-9,04*UR*LMMMNO/NM/5/MPQN*

* NZ*

*

!"#$%&'1)+)**@;.%6.!$&%*,((#*0;!&+!5R@!-E<!76&+6%(A!!!

["*+20)G"0*.G,0,.)"06J"4*5HA*&"0+%0',(."*7;*2=6(3*,446)6%(,$*"$".)0%.G"'6.,$*)".G(6]2"=>**
V60=)*9"*&"0+%0'"4*HI1*,(,$;=6=*,)*%&"(*.60.26)*)%*4")"0'6("*)G"*XG'6.*$%==>**I)*9,=*("3$6367$"@*
=6(."*%20*4"=63(*&$,."=*)G"*,(%4"*,(4*)G"*.,)G%4"*dM>Z*.'*,&,0)*,(4*,$=%*7".,2="*9"*2="4*,*
0"$,)6#"$;*G63G*.%(42.)6#6);*&G%=&G,)"*72++"0*%(*)G"*,(%4"*.G,'7"0>**["*)G"(*&"0+%0'"4*
.G0%(%,'&"0%'")0;@*.G,(36(3*)G"*,(%4"*&%)"()6,$*+0%'*%&"(*.60.26)*)%*/M>Q*j*#=>*-3k-3A$@*
9G6$"*0".%046(3*.200"()*4"(=6);@*.,)G%4"*&%)"()6,$@*,(4*.,)G%4"*$6]264*&^>**["*)G"(*2="4*)G6=*
6(+%0',)6%(*)%*="&,0,)"*)G"*#,06%2=*.%'&%("()=*%+*,&&$6"4*#%$),3"@*,(4*)G"="*,0"*=G%9(*6(*
V6320"*O>Q>**["*=G%9*)G,)*,(%4"*,(4*XG'6.*&%)"()6,$*$%=="=*.%()0672)"*)%3")G"0*%($;*,*=',$$*
+0,.)6%(*%+*)G"*)%),$*,&&$6"4*#%$),3"*S%0*&%)"()6,$*$%=="=T>**-$)G%23G*9"*="&,0,)"*&^*$%=="=*+0%'*
.,)G%4"*$%=="=*6(*V6320"*O>Q@*9"*=G%9*6(*=".)6%(*Z*)G,)*)G"="*,0"*);&6.,$$;*,$=%*,==%.6,)"4*96)G*
)G"*.,)G%4"@*,(4*)G2=*"#"(*6(*5HA=@*9"*.%(.$24"*)G,)*.,)G%4"*$%=="=*0"=2$)*6(*)G"*G63G"=)*
+0,.)6%(*%+*,&&$6"4*#%$),3"=*,)*,*36#"(*.200"()*4"(=6);>**CG2=@*HI1*.%(+60'=*)G,)*%20*4"=63(*G"$&=*
"(=20"*)G,)*,(%4"*,(4*XG'6.*&%)"()6,$*$%=="=*,0"*'6(6'6J"4>**I)*,$=%*.%(+60'=*)G"*6'&%0),(."*
%+*+6(46(3*9,;=*6(*9G6.G*9"*.,(*9"*.,(*6'&0%#"*.,)G%4"*&"0+%0',(.">**

!"
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"#$#%&'(#)*!&+!,)!-.#*,*#/!&0!123,0/+#4!56.0&76,%!8&9#0!:#)#0,*&0!+&0!56%6*,0;!<,=#=!
8I=R**?6))',((@*C%00"=@*,(4*D0,E',$(6F/<0%9(*S-06J%(,*1),)"*K(6#"0=6);T* *
-9,04*UR*LMMMNO/NM/5/MPQN*

* Na*

*

!"#$%&'1)0)!-''%6#4!'&*#)*6,%!,=!,!+2).*6&)!&+!.200#)*!4#)=6*;!6)!*>#!5R@A!

!

OB!6<#&.'/'$(.',&!(&<!$%(-($.#-'C(.',&!,/!$(.%,<'$!,2#-+,.#&.'()3P4!

<".,2="*%20*+60=)*&0%)%);&"*5VA*9,=*$6'6)"4*7;*.,)G%4"*&"0+%0',(."@*9"*4".64"4*)%*
6(#"=)63,)"*)G"*0",=%(=*+%0*)G6=*$6'6),)6%(>**I(*3"("0,$@*6)*G,=*7".%'"*"#64"()*%#"0*)G"*$,=)*+"9*
;",0=*)G,)*5VA=*,0"*'%0"*$6F"$;*)%*7"*$6'6)"4@*6(*)"0'=*%+*',\6'2'*,.G6"#,7$"*&%9"0*4"(=6)6"=@*
7;*.,)G%46.*&%)"()6,$*$%=="=*SlG,%*")*,$>@*PMMa`*?%J"(4,$*")*,$>@*PMMf`*?6=',(6/q,J46*")*,$>@*PMMfT>**
X20*,6'*9,=*)G2=*)%*2(4"0=),(4*)G"*2(4"0$;6(3*0",=%(=*+%0*.,)G%46.*&%)"()6,$*$%=="=*,)*);&6.,$*
.200"()*4"(=6)6"=*SM/PM*-k'.,)G%4"

PT*,(4@*,=*,*460".)*%2).%'"@*"#,$2,)"*=%$2)6%(=*)%*%#"0.%'"*
)G"="*$%=="=>***

I)*6=*%+)"(*=233"=)"4*)G,)*.,)G%4"=*6(*5VA=*,0"*$6'6)"4*7".,2="*%+*)G"*46++6.2$);*&0%#646(3*
&0%)%(=@*,*=2&&%="4*0",.),()*,)*)G"*,.)6#"*.,),$;=)*=6)"=@*,)*);&6.,$*.%(46)6%(=@*=2.G*,=*("2)0,$*
&^>**CG6=*,==2'"=*)G,)*)G"*%\;3"(*0"42.)6%(*0",.)6%(*SX??T*&0%.""4=*,=*+%$$%9=@*7,="4*%(*
&0%)%(*"\.G,(3"*'"'70,("*S8H5T*+2"$*."$$=R*

XP*c*O*"/*c*O^c*!*P^PX*

^%9"#"0@*.,)G%4"=*6(*5VA=*,0"*=27E".)"4*)%*=63(6+6.,()$;*46++"0"()*.%(46)6%(=*)G,(*6(*8H5*+2"$*
."$$=@*">3>@*460".)*.%(),.)*96)G*,(*"$".)0%$;)"*,)*("2)0,$*&^>**CG2=@*9"*+60=)*,(,$;="4*9G")G"0*)G6=*
********************************************************
r*B>#!9&0Z!4#=.067#4!6)!*>6=!=#.*6&)!%#4!*&!*>#!'27%6.,*6&)O!!1A!@A!8&',*G!"A![6G!<A!RA!E6**(,))G!@A!FA!B&00#=!
CIUMIDA!!F('&0*,).#!&+!HK/!*0,)='&0*!+0&(!.,*>&4#=!6)!(6.0&76,%!+2#%!.#%%=A!!@>#(12=@>#(G!SG!MU\M/MU\]A!!*



"#$#%&'(#)*!&+!,)!-.#*,*#/!&0!123,0/+#4!56.0&76,%!8&9#0!:#)#0,*&0!+&0!56%6*,0;!<,=#=!
8I=R**?6))',((@*C%00"=@*,(4*D0,E',$(6F/<0%9(*S-06J%(,*1),)"*K(6#"0=6);T* *
-9,04*UR*LMMMNO/NM/5/MPQN*

* Nb*

'6(6',$*,#,6$,76$6);*%+*&0%)%(=*,=*0",.),()*.,(*,.)2,$$;*=2&&%0)*)G"*.,)G%46.*.200"()*4"(=6)6"=*
);&6.,$$;*%7="0#"4*6(*5VA=>***

I+*)G"*X??*&0%.""4=*%(*.,)G%4"=*6(*5VA=*)G0%23G*)G"*2="*%+*&0%)%(=*,=*,*0",.),()@*)G"*+$2\*%+*
&0%)%(=*)G0%23G*)G"*.,),$;=)*$,;"0*,(4*)G"*46++2=6%(*7%2(4,0;*$,;"0@*%+*)G"*.,)G%4"@*G,=*)%*7"*
=2++6.6"()*"(%23G*)%*=2&&%0)*)G"*.200"()*4"(=6)6"=*%+*Z/NM*-k'P*)G,)*,0"*2=2,$$;*%7="0#"4>**CG6=*
)0,(=&%0)*%+*&0%)%(=*%..20=*',6($;*)G0%23G*46++2=6%(>**K=6(3*);&6.,$*#,$2"=*+%0*)G"*46++2=6%(*
7%2(4,0;*$,;"0*)G6.F("==@*9"*.%'&2)"4*,*',\6'2'*+$2\*%+*&0%)%(=*6(*)G"*%04"0*%+*NM/NM*/*NM/Y*
''%$"=k.'P!=@*9G6.G*.%00"=&%(4=*)%*.200"()*4"(=6)6"=*6(*)G"*%04"0*%+*NM/Q*/*NM/P*-k'P>**CG6=*6=*
NMM/NMMM*)6'"=*$%9"0*)G,(*.200"()*4"(=6)6"=*);&6.,$$;*%7="0#"4`*)G2=@*9"*.%(.$24"*)G,)*X??*
4%"=*(%)*&0%.""4*6(*5VA=*,=*6)*4%"=*6(*8H5*+2"$*."$$=>**I)*'2=)*%..20*)G0%23G*)G"*,$)"0(,)6#"*
'".G,(6='@*=G%9(*7"$%9@*9G6.G*6=*4%'6(,()*6(*,$F,$6("*+2"$*."$$=*Sj,0.%"*")*,$>@*PMMZTR*

XP*c*O*"/*c*P^PX*!*OX^/*

["*G;&%)G"=6J"4*)G,)*.,)G%4"=*6(*5VA=*,0"*$6'6)"4*7".,2="*%+*&%%0*X^/*)0,(=&%0)*%2)*%+*)G"*
.,)G%4"*6()%*)G"*72$F*"$".)0%$;)">**I(,76$6);*)%*0,&64$;*)0,(=&%0)*X^/*+0%'*)G"*,.)6#"*.,),$;=)*=6)"=*
)%*)G"*72$F*$6]264*96$$*0"=2$)*6(*,(*6(.0",="*6)=*$%.,$*.%(."()0,)6%(@*$",46(3*)%*.%(."()0,)6%(*%#"0/
&%)"()6,$>**V0%'*)G"*L"0(=)*"]2,)6%(@*"#"0;*6(.0",="*6(*%("*&^*2(6)*4".0",="=*)G"*0"4%\*
&%)"()6,$*+%0*)G"*X??*7;*iZY*'j*S,)*0%%'*)"'&"0,)20"T@*,(4*)G2=*9"*&%=)2$,)"4*)G,)*,*
=63(6+6.,()*,'%2()*%+*.,)G%46.*&%)"()6,$*$%==*,)*);&6.,$*.200"()*4"(=6)6"=*6=*$6F"$;*,==%.6,)"4*96)G*
,(*6(.0",="*6(*)G"*$%.,$*.,)G%4"*&^>**

CG"*+60=)*0",=%(*+%0*)G6=*$6'6),)6%(*=)"'=*+0%'*)G"*,(6%(/.%(42.)6%(*&0%&"0)6"=*%+*)G"*.,),$;=)*
76(4"0*2="4*+%0*.0",)6(3*,*)G0""/&G,="*7%2(4,0;*+%0*)G"*X??>**-=*,(*"\)0,&%$,)6%(*+0%'*6)=*2="*
6(*8H5*+2"$*."$$=@*L,+6%(*G,=*7""(*)G"*76(4"0*%+*.G%6."*6(*.,)G%4"=*6(*',(;*5VA=*SAG"(3*")*,$>@*
PMMaT>**^%9"#"0@*L,+6%(*.%(),6(=*=2$+%(,)"*'%6")6"=*)G,)*,0"*"++6.6"()*6(*)0,(=&%0)6(3*.,)6%(=@*
72)*&0%#64"*=63(6+6.,()*0"=6=),(."*)%*)0,(=&%0)*%+*,(6%(=@*6(.$246(3*X^/*S86"$,*")*,$>@*PMMaT*
<2++"0=@*=2.G*,=*&G%=&G,)"*,(4*.,07%(,)"*=&".6"=@*)G,)*9%2$4*G"$&*)0,(=&%0)*X^/*%2)*%+*)G"*
.,)G%4"*9%2$4*,$=%*7"*)0,(=&%0)/$6'6)"4*6(*L,+6%(>**1".%(4*6=*)G"*$,.F*%+*=2++6.6"()*,36),)6%(@*
9G6.G*0"=2$)=*6(*,*)G6.F"0*46++2=6%(*7%2(4,0;*$,;"0>**

["*4".64"4*)%*.%(+60'*)G,)*X^/*)0,(=&%0)*$6'6)=*.,)G%4"*&"0+%0',(.">**V%0*)G6=@*9"*%7),6("4*,*
="06"=*%+*.,)G%4"*&%$,06J,)6%(*.20#"=*2(4"0*46++"0"()*.%(46)6%(=*6(*,*3,=/46++2=6%(*G,$+/."$$>**["*
&0"&,0"4*.,)G%4"=*SY*.'PT*+0%'*QMg*9")/&0%%+"4*.,07%(*.$%)G*3,=/46++2=6%(*7%2(4,0;*$,;"0=*
.%,)"4*96)G*,*'6.0%&%0%2=*.,07%(*$,;"0*SA58_T*%(*%("*=64"*SH$".)0%.G"'*I(.>@*K1-T>**["*
&0"&,0"4*.,),$;=)*6(F*2=6(3*M>Z*3*%+*QMg*8)kA*&%94"0*SH$".)0%.G"'*I(.>@*K1-T*'6\"4*6(*Z*'_*%+*
Zg*6%(%'"0*6(*6=%/&0%&,(%$*=%$2)6%(*SL,+6%(@*163',/-$406.G@*K1-@*%0*-1/O@*C%F2;,',*



"#$#%&'(#)*!&+!,)!-.#*,*#/!&0!123,0/+#4!56.0&76,%!8&9#0!:#)#0,*&0!+&0!56%6*,0;!<,=#=!
8I=R**?6))',((@*C%00"=@*,(4*D0,E',$(6F/<0%9(*S-06J%(,*1),)"*K(6#"0=6);T* *
-9,04*UR*LMMMNO/NM/5/MPQN*

* Nf*

A%0&%0,)6%(@*n,&,(T*7;*=%(6.,)6%(*+%0*QM*'6(2)"=*,(4*',3(")6.*=)6006(3*+%0*PO*G@*,=*76(4"0@*,(4*
,&&$6"4*6)*)G"*=64"*%+*.,)G%4"=*%&&%=6)"*)%*)G"*A58_@*2=6(3*,*&,6()*702=G>**["*2="4*,*8)*$%,46(3*
%+*M>Z*'3k.'P*%(*,$$*)G"*.,)G%4"=>**["*.%(=)02.)"4*3,=/46++2=6%(*G,$+/."$$=*SQ*.'*s*N>f*.'*s*Q*
.'T*,=*8$"\63$,=*.G,'7"0=*%+*iNa*'_*#%$2'"@*.$%="4*,)*%("*"(4>**["*&$,."4*)G"*.,)G%4"=*,)*)G"*
%)G"0*"(4*96)G*)G"*.,),$;=)/.%,)"4*=64"*+,.6(3*6(=64"*S)%9,04=*)G"*=%$2)6%(T*,(4*)G"*58A_*
%2)=64"*S)%9,04=*,60T>**["*2="4*,*=,)20,)"4*.,$%'"$*"$".)0%4"*ScM>POO*j*#=>*1^HT*,=*)G"*
0"+"0"(."*"$".)0%4"*,(4*&$,."4*6)*6(=64"*)G"*."$$=*,)*,*46=),(."*%+*Z*''*+0%'*)G"*.,)G%4">**["*
2="4*,*=),6($"==*=)""$*0%4*,=*)G"*.%2()"0*"$".)0%4"*SiY*.'P@*Z*''*46,'")"0T>**["*&"0+%0'"4*
$6(",0*=9""&*#%$),''")0;*S_1jT*%(*.,)G%4"=*,)*QMtA*2=6(3*,*&%)"()6%=),)*S806(.")%(*-&&$6"4*
?"=",0.G@*K1-T*,)*,*=.,(*0,)"*%+*N*'jk=>**["*&"0+%0'"4*6/?*.%00".)6%(*+%0*,$$*_1j=*)%*.%00".)*+%0*
)G"*XG'6.*$%==*7")9""(*)G"*0"+"0"(."*"$".)0%4"*,(4*)G"*.,)G%4"@*2=6(3*,(*,#"0,3"*XG'6.*$%==*
,=*'",=20"4*+0%'*iPM*6'&"4,(."*=&".)0%=.%&;*'",=20"'"()=*,)*NMM*F^J*96)G*,(*,'&$6)24"*%+*
NM*'j>***

["*+60=)*%7),6("4*&%$,06J,)6%(*.20#"=*+%0*.,)G%4"=*.%(=)02.)"4*96)G*L,+6%(*76(4"0*6(*
2(72++"0"4*NMM*'5*L,A$XO*=%$2)6%(*,)*&^*b>Z@*NM>f@*%0*NQ*SV6320"*Z>N*S,TT>***I)*6=*"#64"()*)G,)*)G"*
.,)G%4"*6(*&^*b>Z*G,4*)G"*$,03"=)*&%)"()6,$*$%=="=@*&,0)6.2$,0$;*,)*$%9*.200"()*4"(=6)6"=>**CG"*
46++"0"(."*6(*&%)"()6,$*+%0*)G"*.,)G%4"*6(*&^*b>Z*#=>*)G"*.,)G%4"=*6(*G63G"0*&^*9,=*%($;*
',6(),6("4*,)*.200"()*4"(=6)6"=*dN*-k'P@*6(46.,)6#"*%+*G63G*&%)"()6,$*$%=="=*,)*$%9*.200"()*
4"(=6)6"=>**CG"="*$%=="=*,$=%*4".0",="4*96)G*6(.0",=6(3*72$F*$6]264*&^@*6(46.,)6(3*)G,)*)G";*,0"*
0"$,)"4*460".)$;*)%*)G"*.%(."()0,)6%(*30,46"()*+%0*X^/*7")9""(*)G"*72$F*$6]264*,(4*)G"*.,)G%4">**
H#"()2,$$;@*,$$*.,)G%4"=*.%(#"03"4*)%*)G"*=,'"*&%)"()6,$*,)*G63G*.200"()*4"(=6)6"=@*=233"=)6(3*
)G,)*,$$*%+*)G"'*0",.G*)G"*=,'"*$%.,$*&^@*600"=&".)6#"*%+*)G"*72$F*$6]264*&^>**CG6=*"\&"06'"()*
&0%#64"=*)G"*+60=)*6(46.,)6%(*%+*)G"*6'&%0),(."*%+*X^/*)0,(=&%0)*+0%'*.,)G%4"=>**K=6(3*)G"*
&%$,06J,)6%(*.20#"*+%0*)G"*.,)G%4"*6(*&^*NQ@*9"*4")"0'6("4*^U*S6>">@*)G"*"\.G,(3"*.200"()*
4"(=6);T*,(4*_*S6>">@*)G"*.G,03"*)0,(=+"0*.%"++6.6"()T@*7%)G*#,$2"=*7"6(3*0"$,)"4*)%*.,),$;=)*
&0%&"0)6"=@*,=*Y>Z*s*NM/f*-k.'P*,(4*M>NYZ@*0"=&".)6#"$;>**L"\)@*9"*2="4*)G"*<2)$"0/j%$'"0*
"]2,)6%(*96)G*)G"*^U*,(4*_*#,$2"=*)%*&0"46.)*)G"*0"=&%(="*%+*)G"*.,)G%4"*6(*&^*b>Z*6+*6)*9"0"*(%)*
X^/*)0,(=&%0)*$6'6)"4>**["*=G%9*)G6=*6(*V6320"*Z>NS7T>**I)*6=*"#64"()*)G,)*)G"*,.)2,$*0"=&%(="*
6(.$24"=*,446)6%(,$*%#"0&%)"()6,$@*9G6.G*G,=*)%*7"*0"$,)"4*)%*X^/*)0,(=&%0)*$6'6),)6%(=>**["*,$=%*
+6)*)G"*"\&"06'"(),$*.20#"*)%*)G"*<2)$"0/j%$'"0*"]2,)6%(*)G,)*6(.$24"=*46++2=6%(*$6'6),)6%(*)%*
%7),6(*)G"*$%.,$*.,)G%4"*&^*,=*,*+2(.)6%(*%+*)G"*.200"()*4"(=6);@*9G6.G*6(.0",="4*)%*eNN*#"0;*
0,&64$;*,)*.200"()*4"(=6)6"=*dN*-k'P*,(4*,)*NM*-k'P*9,=*eNP>Z>**CG6=*0"&0"="()=*,*&%)"()6,$*$%==*
%+*eQMM*'j@*%0*eZMg*%+*,$$*.,)G%46.*&%)"()6,$*$%=="=*);&6.,$$;*%7="0#"4*6(*)G6=*0,(3"*%+*.200"()*
4"(=6);>*



"#$#%&'(#)*!&+!,)!-.#*,*#/!&0!123,0/+#4!56.0&76,%!8&9#0!:#)#0,*&0!+&0!56%6*,0;!<,=#=!
8I=R**?6))',((@*C%00"=@*,(4*D0,E',$(6F/<0%9(*S-06J%(,*1),)"*K(6#"0=6);T* *
-9,04*UR*LMMMNO/NM/5/MPQN*

* NY*

*

!"#$%&'2)*)''C,D!8&%,06N,*6&)!.20$#=!&+!8*/7,=#4!3,=!46++2=6&)!.,*>&4#=!.&)=*02.*#4!96*>!X,+6&)!
76)4#0!6)!MUU!(5!X,@%HQ!=&%2*6&)!,*!46++#0#)*!'KA!!C7D!@&(',06=&)!&+!'&%,06N,*6&)!.20$#!&+!8*/

7,=#4!3,=!46++2=6&)!.,*>&4#!.&)=*02.*#4!96*>!X,+6&)!76)4#0!6)!MUU!(5!X,@%HQ!=&%2*6&)!,*!'K!

\AS!96*>!.20$#=!'0#46.*#4!+0&(!*>#!<2*%#0/V&%(#0!#`2,*6&)!96*>&2*!,)4!96*>!HK/!46++2=6&)!

%6(6*,*6&)G!,)4!*>#!'0#46.*#4!%&.,%!.,*>&4#!'K!,=!,!+2).*6&)!&+!.200#)*!4#)=6*;!0#=2%*6)3!+0&(!HK/!

46++2=6&)!%6(6*,*6&)A!

[G6$"*)G"*,7%#"*"\&"06'"()=*9"0"*&"0+%0'"4*6(*2(72++"0"4*=%$2)6%(=@*,*72++"0*6=*);&6.,$$;*2="4*
6(*5VA=*)%*',6(),6(*)G"*72$F*$6]264*&^*.$%="0*)%*("2)0,$>**CG6=*72++"0*.%2$4*,$=%*G"$&*6(*
)0,(=&%0)6(3*X^/*+0%'*)G"*.,)G%4"*)%*)G"*72$F*$6]264>**CG2=@*9"*%7),6("4*&%$,06J,)6%(*.20#"=*+%0*
.,)G%4"=*.%(=)02.)"4*96)G*L,+6%(*76(4"0*6(*NMM/'5*&G%=&G,)"*72++"0>**16'6$,0*)%*)G"*,7%#"*
"\&"06'"()=@*9"*&"0+%0'"4*)G"="*"\&"06'"()=*6(*72++"0*=%$2)6%(=*96)G*46++"0"()*&^@*0,(36(3*
+0%'*b>P*)%*NP>Y@*72)*9"*=G%9*%($;*)G"*&%$,06J,)6%(*.20#"*6(*&^*b>P*6(*V6320"*Z>P>**["*,$=%*
.%'&,0"*)G"*"\&"06'"(),$$;*%7),6("4*&%$,06J,)6%(*.20#"*%+*)G"*.,)G%4"*6(*&^*b>P*96)G*)G"*
)G"%0")6.,$*(%(/46++2=6%(*.%()0%$$"4*0"=&%(="*6(*&^*b>P@*,=*4")"0'6("4*+0%'*)G"*<2)$"0/j%$'"0*
"]2,)6%(>**CG"*46++"0"(."*7")9""(*)G"*)9%*&0%#64"=*,*'",=20"*%+*&%)"()6,$*$%=="=*0"$,)"4*)%*
6(.0",="4*$%.,$*.,)G%4"*&^>**-)*,*.200"()*4"(=6);*%+*NM*-k'P@*)G6=*46++"0"(."*9,=*eM>Q*j@*
=233"=)6(3*)G,)*)G"*$%.,$*.,)G%4"*&^*9,=*,$0",4;*iZ*2(6)=*G63G"0*)G,(*)G"*72$F*$6]264*&^>**
8%)"()6,$*$%=="=*0"$,)"4*)%*X^/*)0,(=&%0)*$6'6),)6%(*9"0"*=',$$"0*,)*$%9*.200"()*4"(=6)6"=*SdZ*
-k'PT@*72)*=)6$$*0"&0"="()"4*,*=63(6+6.,()*+0,.)6%(>**V%0*"\,'&$"@*&%)"()6,$*$%==*0"$,)"4*)%*X^/*
)0,(=&%0)*$6'6),)6%(!9,=*iM>NZ*j*,)*O*-k'P@*.%00"=&%(46(3*)%*,*$%.,$*.,)G%4"*&^*%+*iY>b>**CG6=*
&^*0"&0"="()=*)G"*),6$*"(4*%+*9G"0"*,*+,#%20,7$"*.%(."()0,)6%(*30,46"()*.%2$4*"\6=)*+%0*X^/*
)0,(=&%0)*)G0%23G*4"&0%)%(,)6%(*%+*^P8XO

/*)%*^8XO
P/>*
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8I=R**?6))',((@*C%00"=@*,(4*D0,E',$(6F/<0%9(*S-06J%(,*1),)"*K(6#"0=6);T* *
-9,04*UR*LMMMNO/NM/5/MPQN*

* PM*

*

!"#$%&'2)+)''@&(',06=&)!&+!'&%,06N,*6&)!.20$#!&+!8*/7,=#4!3,=/46++2=6&)!.,*>&4#!.&)=*02.*#4!

96*>!X,+6&)!76)4#0!6)!MUU!(5!'>&='>,*#!72++#0!,*!'K!\AI!96*>!.20$#=!'0#46.*#4!+0&(!*>#!<2*%#0/

V&%(#0!#`2,*6&)!96*>&2*!HK/!46++2=6&)!%6(6*,*6&)A!

^,#6(3*"=),7$6=G"4*)G,)*L,+6%(*&0%#64"=*=63(6+6.,()*0"=6=),(."*)%*X^/*)0,(=&%0)@*"6)G"0*460".)$;*
%0*)G0%23G*&G%=&G,)"*72++"0*,=*X^/*.,006"0@*9"*G;&%)G"=6J"4*)G,)*0"&$,.6(3*L,+6%(*96)G*,(*
,(6%(/.%(42.)6#"*&%$;'"0*96$$*0"=2$)*6(*6'&0%#"4*.,)G%4"*&"0+%0',(.">**1"#"0,$*&%$;'"0=*
.%(),6(6(3*]2,)"0(,0;*,''%(62'*'%6")6"=*G,#"*3%%4*,(6%(*"\.G,(3"*.,&,.6);*,(4*,0"*
,#,6$,7$"*+0%'*,&&$6.,)6%(=*6(*,(6%(*"\.G,(3"*'"'70,("*S-H5T*+2"$*."$$=*Sj,0.%"*")*,$>@*PMMa`*
V,(3*")*,$>@*PMMa`*m6%(3*")*,$>@*PMMfT>**["*="$".)"4*%("*%+*)G"="@*-1/O*SC%F2;,',*A%0&%0,)6%(T>**
["*%7),6("4*&%$,06J,)6%(*.20#"=*+%0*.,)G%4"=*.%(=)02.)"4*96)G*-1/O*76(4"0*6(*NMM/'5*
&G%=&G,)"*72++"0*,)*&^*b>P*,(4*.%'&,0"4*)G"="*)%*)G%="*+%0*.,)G%4"=*.%(=)02.)"4*96)G*L,+6%(*
76(4"0>**["*=G%9*)G6=*.%'&,06=%(*6(*V6320"*Z>Q>**A%'&,0"4*)%*)G"*.,)G%4"=*96)G*L,+6%(*76(4"0@*
&%)"()6,$*$%=="=*+%0*)G"*.,)G%4"*96)G*-1/O*76(4"0*9"0"*$%9"0>**16(."*9"*"\&".)*,.)6#,)6%(/
0"$,)"4*%#"0&%)"()6,$=*)%*7"*)G"*=,'"*+%0*7%)G*.,)G%4"=@*)G"*6'&0%#"4*&"0+%0',(."*%+*)G"*
.,)G%4"*96)G*-1/O*76(4"0*6=*,*460".)*0"=2$)*%+*6'&0%#"4*X^/*)0,(=&%0)@*"6)G"0*460".)$;*%0*)G0%23G*
6'&0%#"4*)0,(=&%0)*%+*)G"*,(6%(*72++"0*=&".6"=>**[6)G6(*)G"*0,(3"*%+*.200"()*4"(=6)6"=*);&6.,$$;*
%7="0#"4*6(*5VA=@*&%)"()6,$*$%=="=*+%0*)G"*.,)G%4"*96)G*-1/O*76(4"0*9"0"*2&*)%*NZb*'j*$%9"0*
)G,(*+%0*)G"*.,)G%4"*96)G*L,+6%(*76(4"0@*6(46.,)6(3*=63(6+6.,()*6'&0%#"'"()*6(*,(6%(*)0,(=&%0)>**
A%(=64"06(3*)G6=*0"=2$)@*9"*=233"=)*)G,)*)G"*2="*%+*L,+6%(*,=*)G"*.,)G%4"*.,),$;=)*76(4"0*6(*
5VA=*7"*0"&$,."4*96)G*,(6%(*.%(42.)6#"*76(4"0=*$6F"*)G"*%("*9"*2="4*G"0">*
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"#$#%&'(#)*!&+!,)!-.#*,*#/!&0!123,0/+#4!56.0&76,%!8&9#0!:#)#0,*&0!+&0!56%6*,0;!<,=#=!
8I=R**?6))',((@*C%00"=@*,(4*D0,E',$(6F/<0%9(*S-06J%(,*1),)"*K(6#"0=6);T* *
-9,04*UR*LMMMNO/NM/5/MPQN*

* PN*

'

!"#$%&'2)0)''@&(',06=&)!&+!'&%,06N,*6&)!.20$#=!&+!8*/7,=#4!3,=/46++2=6&)!.,*>&4#!.&)=*02.*#4!

96*>!X,+6&)!,)4!-1/Q!76)4#0=G!*>#!%,**#0!96*>!,)4!96*>&2*!@HI!+##4!*&!*>#!.,*>&4#G!6)!MUU!(5!

'>&='>,*#!72++#0!,*!'K!\AIA!

CG"*',\6'2'*=,#6(3=*%+*NZb*'j*,)*b>Z*-k'P*=233"=)=*)G,)*)G"*$%.,$*.,)G%4"*&^*9,=*iP>a*2(6)=*
$%9"0*96)G*)G"*-1/O*76(4"0>**16(."*)G"*.,)G%4"*96)G*)G"*L,+6%(*76(4"0*9,=*.$%="*)%*,*$%.,$*&^*NP*
,)*)G6=*.200"()*4"(=6);*S,=*9"*4")"0'6("4*&0"#6%2=$;T@*)G"*$%.,$*.,)G%4"*&^*96)G*-1/O*76(4"0*
9,=*iY>O>**CG6=*=)6$$*0"&0"="()=*,*=63(6+6.,()*0"',6(6(3*&%)"()6,$*$%==*0"$,)"4*)%*X^/*)0,(=&%0)*
SiNOM*'jT*,(4@*)G2=@*,446)6%(,$*%&&%0)2(6);*+%0*6'&0%#6(3*.,)G%4"*&"0+%0',(.">***

-*=".%(4*9,;*)%*6'&0%#"*.,)G%4"*&"0+%0',(."*9%2$4*7"*)G0%23G*&0%#646(3*,446)6%(,$*72++"0*6(*
)G"*+%0'*%+*AXP>**["*G,#"*=G%9(*6(*)G"*&,=)*)G,)*,446(3*AXP*)%*)G"*.,)G%4"*.G,'7"0*6(*5VA=*
.%(),6(6(3*,*'"'70,("*G"$&=*6(*)0,(=&%0)6(3*X^/*,.0%==*)G"*'"'70,("*SC%00"=*")*,$>@*PMMf.T>**
^PAXQ*SG;40,)"4*AXPT*9%2$4*4"&0%)%(,)"*)%*^AXQ

/@*)G2=*,.)6(3*,=*,(*X^/*.,006"0>**CG"*
,4#,(),3"*%+*&0%#646(3*AXP@*"=&".6,$$;*)%*3,=/46++2=6%(*.,)G%4"=@*6=*)G,)*6)*.,(*7"*4"$6#"0"4*
460".)$;*)%*)G"*.,),$;=)*=6)"=*)G0%23G*)G"*3,=*46++2=6%(*7%2(4,0;*$,;"0@*.%'&,0"4*)%*&G%=&G,)"*
72++"0*)G,)*=2++"0=*+0%'*)G"*=,'"*46++2=6%(*$6'6),)6%(=*,=*X^/>**-$=%@*)G"*=".%(4*&D,*%+*)G"*AXP*
72++"0*=;=)"'*6=*NM>Q@*,(4*)G6=*9%2$4*,$$%9*',6(),6(6(3*,*$%9"0*.,)G%4"*&^*,)*G63G*.200"()*
4"(=6)6"=*)G,(*&G%=&G,)"@*)G0%23G*X^/*)0,(=&%0)*#6,*)G"*^AXQ

/kAXQ
P/*.%2&$">***

["*%7),6("4*&%$,06J,)6%(*.20#"=*+%0*)G"*.,)G%4"=*.%(=)02.)"4*96)G*-1/O*76(4"0*96)G*AXP*+""4*
SZg*'6\)20"*96)G*,60T*,=*9"$$*SV6320"*Z>QT>**I)*6=*,&&,0"()*)G,)*AXP*,446)6%(*464*(%)*=63(6+6.,()$;*
G"$&*6(*)G"*0"36%(*%+*$%9*.200"()*4"(=6);*Sd*Z*-k'PT@*=6(."*&G%=&G,)"*,$0",4;*9,=*&,0)6,$$;*
,646(3*X^/*)0,(=&%0)>**^%9"#"0@*AXP*,446)6%(*0"=2$)"4*6(*$%9"0*&%)"()6,$*$%=="=*,)*)G"*G63G"0*
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"#$#%&'(#)*!&+!,)!-.#*,*#/!&0!123,0/+#4!56.0&76,%!8&9#0!:#)#0,*&0!+&0!56%6*,0;!<,=#=!
8I=R**?6))',((@*C%00"=@*,(4*D0,E',$(6F/<0%9(*S-06J%(,*1),)"*K(6#"0=6);T* *
-9,04*UR*LMMMNO/NM/5/MPQN*

* PP*

.200"()*4"(=6)6"=>**A%'&,0"4*)%*)G"*.,)G%4"*96)G*L,+6%(*S,(4*(%*AXPT@*&%)"()6,$*$%=="=*9"0"*
iNPM/NOM*'j*$%9"0*+%0*)G"*.,)G%4"*96)G*-1/O*96)G*AXP*,446)6%(@*)G2=*0"&0"="()6(3*,*$%.,$*
.,)G%4"*&^*.$%="*)%*NM>**["*)G2=*.%(.$24"*)G,)*"(G,(."4*X^/*)0,(=&%0)*9,=*%..2006(3*)G0%23G*
)G"*4"&0%)%(,)6%(*%+*^PAXQ*)%*AXQ

P/>***

16(."*9"*+%2(4*)G,)*)G"*.,)G%4"*&"0+%0',(."*4"&"(4"4*&06',06$;*%(*)G"*&D,*%+*)G"*72++"0*2="4@*
9"*"\&$%0"4*)G"*2="*%+*,''%(62'*SL^O

cT*,=*,*=2=),6(,7$"*72++"0*+%0*6'&0%#6(3*.,)G%4"*
&"0+%0',(."*6(*5VA=>**[G6$"*)G6=*'63G)*(%)*7"*,*&0,.)6.,$*,&&$6.,)6%(*+%0*)G"*&20&%="=*%+*
4"#"$%&6(3*,*'6.0%76,$*&%9"0*3"("0,)%0*+%0*(,#,$*7,="=@*)G"*2="*%+*L^O

c*,=*72++"0*.%2$4*7"*
+",=67$"*+%0*)0",)'"()*%+*9,=)"*=)0",'=*,$0",4;*.%(),6(6(3*G63G*L^O

c*.%(."()0,)6%(=>**CG"*
L^O

ckL^Q*.%2&$"*G,=*,*&D,*%+*iY>P@*=233"=)6(3*)G,)*6)*=G%2$4*7"*&%==67$"*)%*',6(),6(*)G"*$%.,$*
.,)G%4"*&^*6(*5VA=*6(*)G"*0,(3"*%+*f>Z/NM*2=6(3*L^O

c*,=*,*72++"0@*)G2=*+20)G"0*0"42.6(3*
&%)"()6,$*$%=="=>**C%*.%'&,0"*)G"*&"0+%0',(."*%+*.,)G%4"=*6(*L^O

c*72++"0*,3,6(=)*%)G"0*72++"0=@*
9"*%7),6("4*&%$,06J,)6%(*.20#"=*+%0*.,)G%4"=*.%(=)02.)"4*96)G*L,+6%(*76(4"0*6(*ZM*'5*%+*
#,06%2=*=%$2)6%(=*SV6320"*Z>OT>**-=*"\&".)"4@*)G"*.,)G%4"*%#"0&%)"()6,$*6(*ZM/'5*2(72++"0"4*
=%$2)6%(=*SL,A$T*6(.0",="4*0,&64$;@*"#"(*,)*$%9*.200"()*4"(=6)6"=@*,=*,*0"=2$)*%+*,(*6(.0",="*6(*)G"*
$%.,$*.,)G%4"*&^>**X20*&0"#6%2=*,(,$;=6=*=233"=)=*)G,)@*7;*P*-*'/P@*)G"*$%.,$*.,)G%4"*&^*,$0",4;*
6(.0",="=*7;*O/Z*&^*2(6)=*6(*)G"*,7="(."*%+*,*72++"0@*)G2=*0"&0"="()6(3*,*=63(6+6.,()*L"0(=)6,(*
.%(."()0,)6%(*%#"0&%)"()6,$*%+*iQMM*'j*42"*)%*$%.,$*,..2'2$,)6%(*%+*X^u>***I(*.%()0,=)@*)G"*
.,)G%4"*%#"0&%)"()6,$*)%*0",.G*.200"()*4"(=6)6"=*%+*2&*)%*Z*-*'/P*9,=*$%9"0*6(*8<1>**CG6=*9,=*,*
0"=2$)*%+*72++"06(3*%+*&^*6(*)G"*0,(3"*%+*b>P/Y@*9G6.G*0"&0"="()=*)G"*),6$*"(4*%+*9G"0"*^P8XO

u*
4"&0%)%(,)"=*96)G*X^u>**<";%(4*)G6=*.200"()*4"(=6);@*)G"*0,)"*%+*&0%42.)6%(*%+*X^u*=20&,=="4*
)G"*0,)"*%+*)0,(=&%0)*%+*^P8XO

u@*9G6.G*"(.%2()"0"4*)0,(=&%0)*0"=6=),(."*6(*)G"*.,),$;=)*$,;"0*
42"*)%*)G"*2="*%+*L,+6%(*,=*)G"*.,),$;=)*76(4"0>**<6.,07%(,)"*72++"0*464*(%)*=63(6+6.,()$;*G"$&*6(*
72++"06(3*.$%="*)%*)G"*&D,*%+*)G"*^AXQ

/kAXQ
P/*.%2&$"*%+*iNM>Q@*72)*)G6=*.%2$4*7"*42"*)%*6)=*&%%0*

)0,(=&%0)*&0%&"0)6"=*6(*L,+6%(>*

I(*.%'&,06=%(*)%*&G%=&G,)"*,(4*76.,07%(,)"*72++"0=@*)G"*%#"0&%)"()6,$=*6(*L^OA$*,(4*L^O^AXQ*
9"0"*$%9"0*,)*G63G*.200"()*4"(=6)6"=*SeZ*-*'/PT>**CG6=*.%(+60'=*%20*G;&%)G"=6=*)G,)*L^O

c*G"$&"4*
)%*',6(),6(*,*$%9"0*$%.,$*.,)G%4"*&^>**K&*2()6$*Z*-*'/P@*)G"*.,)G%4"*6(*8<1*&"0+%0'"4*7"))"0*
)G,(*6(*L^OA$*,(4*L^O^AXQ*7".,2="*%+*)G"*72++"06(3*"++".)*%+*&G%=&G,)"*6(*)G"*&^*0,(3"*%+*b>P/
Y>**^%9"#"0@*.200"()*4"(=6)6"=*2&*)%*PZ*-*'/P*9"0"*=2=),6("4*6(*L^O

c*=%$2)6%(=*96)G%2)*)G"*_1j=*
=G%96(3*,(*6(+$".)6%(*0"=2$)6(3*+0%'*)0,(=&%0)*$6'6),)6%(>**CG6=*$6F"$;*9,=*,(*"++".)*%+*2=6(3*
L,+6%(*,=*)G"*.,),$;=)*76(4"0@*=6(."*L,+6%(*6=*"++6.6"()*6(*)0,(=&%0)6(3*.,)6%(=@*=2.G*,=*L^O

c>**["*
G,4*=G%9(*7"+%0"*)G,)*0"&$,.6(3*L,+6%(*,=*)G"*76(4"0*96)G*,(*,(6%(%'"0*.,(*G"$&*6'&0%#"*
.,)G%4"*&"0+%0',(."*9G"(*2=6(3*&G%=&G,)"*%0*76.,07%(,)"*,=*72++"0@*72)*+%0*L^O

c*72++"0@*



"#$#%&'(#)*!&+!,)!-.#*,*#/!&0!123,0/+#4!56.0&76,%!8&9#0!:#)#0,*&0!+&0!56%6*,0;!<,=#=!
8I=R**?6))',((@*C%00"=@*,(4*D0,E',$(6F/<0%9(*S-06J%(,*1),)"*K(6#"0=6);T* *
-9,04*UR*LMMMNO/NM/5/MPQN*

* PQ*

L,+6%(*6=*,*&0"+"0,7$"*76(4"0>**CG"*G63G"0*46++2=6%(*.%"++6.6"()*+%0*L^O
c@*.%'&,0"4*)%*)G"*%)G"0*

72++"0=@*,$=%*6(.0",="=*6)=*0"$,)6#"*)0,(=&%0)*0,)"=*)%*)G"*.,)G%4"*=20+,.">***

'

!"#$%&'2)1)''8&%,06N,*6&)!.20$#=!&+!8*/7,=#4!3,=/46++2=6&)!.,*>&4#=!6)!46++#0#)*!SU/(5!=&%2*6&)=A!

CG"*0"=2$)=*6(*V6320"*Z>O*=G%9*)G,)*6)*6=*&%==67$"*)%*=,#"*eNZM*'j*,)*.200"()*4"(=6)6"=*eNM*-*'/P*
2=6(3*L^O

c*,=*,*72++"0*,)*)G"*=,'"*.%(."()0,)6%(=*,=*&G%=&G,)">**CG6=*6=*,(*6'&%0),()*0"=2$)*,(4*
G,=*"=&".6,$$;*+,#%0,7$"*6'&$6.,)6%(=*+%0*)0",)'"()*%+*=)0",'=*.%(),6(6(3*G63G*$"#"$=*%+*L^O

c@*
=2.G*,=*,(6',$*9,=)">**^%9"#"0@*6)*G,=*7""(*=G%9(*6(*)G"*&,=)*)G,)*L^Q*.,(*7"*$%=)*)G0%23G*,60/
.,)G%4"=*6(*5VA=*+%$$%96(3*4"&0%)%(,)6%(*%+*L^O

c>**CG2=@*,(;*L^Q*)G,)*&,0)6)6%(=*6(*)G"*3,=*
&G,="*,)*)G"*.,)G%4"*=G%2$4*7"*0".%#"0"4*)%*=2=),6(,7$;*2="*)G"*72++"0>**

L"\)@*9"*=)246"4*)G"*6'&%0),(."*%+*L^O
c*)0,(=&%0)*%(*.,)G%4"*&"0+%0',(."`*9"*%7),6("4*

&%$,06J,)6%(*.20#"=*+%0*.,)G%4"=*.%(=)02.)"4*96)G*L,+6%(*76(4"0*6(*=%$2)6%(=*%+*46++"0"()*
.%(."()0,)6%(=*%+*L^O

c>**CG"="*0"=2$)=*,0"*=G%9(*6(*V6320"*Z>Z>**CG"*"\&"06'"()=*.%(+60'*)G,)*
.,)G%4"*&"0+%0',(."*9,=*460".)$;*0"$,)"4*)%*L^O

c*.%(."()0,)6%(*,(4@*)G2=@*6)=*)0,(=&%0)>**5%=)*
(%),7$;@*9"*=,9*)G"*6(+$".)6%(=*6(*_1j=*96)G6(*)G"*)"=)"4*0,(3"*%+*.200"()*4"(=6)6"=*)G,)*9"*
%7="0#"4*",0$6"0*96)G*ZM/'5*8<1@*)G6=*)6'"*96)G*NM/*,(4*PZ/'5*L^OA$>**<";%(4*)G"*.200"()*
4"(=6)6"=*9G"0"*)G"*6(+$".)6%(*9,=*%7="0#"4@*)G"*)0,(=&%0)*%+*L^O

c*9,=*=$%9"0*)G,(*)G"*
&0%42.)6%(*%+*X^u@*,(4@*$%36.,$$;@*)G"*6(+$".)6%(*,&&",0"4*,)*,*$%9"0*.200"()*4"(=6);*+%0*NM/'5*
L^OA$*)G,(*+%0*PZ/'5*L^OA$>**-)*G63G"0*.%(."()0,)6%(=@*L^O

c*)0,(=&%0)*9,=*(%)*$6'6)6(3*96)G6(*
)G"*0,(3"*%+*.200"()*4"(=6)6"=*)"=)"4>**CG"0"+%0"@*9"*=,9*(%*6(+$".)6%(*&%6()=*+%0*L^OA$*vZM*'5>***
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 NaCl!
 PBS!
 NaHCO3!
 NH4Cl!
 NH4HCO3!

+,-.%
/01%
+,2-3'%

+2(-.%
+2(2-3'%



"#$#%&'(#)*!&+!,)!-.#*,*#/!&0!123,0/+#4!56.0&76,%!8&9#0!:#)#0,*&0!+&0!56%6*,0;!<,=#=!
8I=R**?6))',((@*C%00"=@*,(4*D0,E',$(6F/<0%9(*S-06J%(,*1),)"*K(6#"0=6);T* *
-9,04*UR*LMMMNO/NM/5/MPQN*

* PO*

'

!"#$%&'2)2)''8&%,06N,*6&)!.20$#=!&+'8*/7,=#4!3,=/46++2=6&)!.,*>&4#=!6)!=&%2*6&)=!.&)*,6)6)3!
46++#0#)*!.&).#)*0,*6&)=!CU/SUU!(5D!XKQ@%!96*>!IS/(5!X,@%!,=!7,.Z30&2)4A!

*

QB!R#2#),+@#&.!,/!$,S$9).9-#!/,-!#&%(&$#<!#&#-FJ!-#$,2#-J!/-,@!39$-,3#4!

X("*%+*%20*3%,$=*+%0*)G6=*&0%E".)*9,=*)%*,.G6"#"*G63G*.200"()*4"(=6)6"=*,$%(3*96)G*G63G*
A%2$%'76.*"++6.6"(.6"=*9G"(*+""46(3*=2.0%="*,=*,*=27=)0,)"*)%*5VA=>**16(."*G63G*.200"()*4"(=6);*
&0%42.6(3*-?<@*=2.G*,=*:#&7,.*#0*=&>@*.,(*.%(=2'"*%($;*=6'&$"*=27=)0,)"=*=2.G*,=*,."),)"@*9"*
4"#"$%&"4*,*.%'&$"'"(),0;*'6\"4*'6.0%76,$*.2$)20"*)G,)*+"0'"()=*=2.0%="*&06',06$;*)%*,."),)">**
["*4"=.067"*7"$%9*%20*,&&0%,.G*6(*4"#"$%&6(3*=2.G*,*G%'%/,.")%3"(6.*.2$)20"@*,=*9"$$*,=*6)=*
.G,0,.)"06J,)6%(*6(*)"0'=*%+*"$".)0%(*0".%#"0;*+0%'*=2.0%="*,=*,."),)"*,(4*6)=*.%''2(6);*
=)02.)20"*2=6(3*'%$".2$,0*)%%$=>***

["*=")*2&*,*M>Z/_*7,).G*0",.)%0*+"4*96)G*'"462'*96)G*)G"*+%$$%96(3*.%'&%=6)6%(*S6(*N*_TR**
D^P8XO*M>P*3`*L,A$*N*3`*L^OA$*M>Z*3`*DA$*M>N*3`*53A$Pwa^PX*M>PZ*3`*A,A$PwP^PX*M>NbZ*3`*<H1*a>MP*
3*S+%0*="$".)6#"*'")G,(%3"(6.*6(G676)6%(T@*L,^AXQ*O>P*3*SZM*'5T`*)0,."*'6("0,$*'"46,*,=*
&27$6=G"4*6(*8,0,'"=9,0,(*")*,$*SPMMYT*N'_`*-CAA*#6),'6(=*=%$2)6%(*M>Z*'_@*V"Pc*,)*O*3k_*N*'_`*
,(4*L,P1wb^PX*,)*Qb*3k_*M>N*'_>**["*,44"4*NM*''%$"=*%+*=2.0%="*)%*)G"*7,).G*0",.)%0*S6>">@*PM*
'5*.%(."()0,)6%(T>**CG"*6(6)6,$*'"462'*&^*9,=*=),7$"*,)*,0%2(4*a>bZ>**["*G,4*&0"#6%2=$;*
"(06.G"4*,*.%(=%0)62'*%+*G%'%/,.")%3"(6.*7,.)"06,*+0%'*)G"*=2=&"(=6%(*%+*,(*^/);&"*5HA*)G,)*
&0%42."4*.200"()*+0%'*,*=;()0%&G6.*6()"0,.)6%(*7")9""(*G%'%/,.")%3"(=*,(4*-?<*
S8,0,'"=9,0,(*")*,$@*PMNNT>**["*,44"4*Z*'_*%+*)G"*"(06.G'"()*.2$)20"*)%*="0#"*,=*6(%.2$2'*
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"#$#%&'(#)*!&+!,)!-.#*,*#/!&0!123,0/+#4!56.0&76,%!8&9#0!:#)#0,*&0!+&0!56%6*,0;!<,=#=!
8I=R**?6))',((@*C%00"=@*,(4*D0,E',$(6F/<0%9(*S-06J%(,*1),)"*K(6#"0=6);T* *
-9,04*UR*LMMMNO/NM/5/MPQN*

* PZ*

SNg*%+*0",.)%0*#%$2'"T*)%*%7),6(*"(06.G'"()*%(*=2.0%="@*,=*9"$$*,=*.%(42.)6(3*,*)G%0%23G*
"$".)0%(*7,$,(.">*

<,).G*0",.)6%(=*&0%.""4"4*6''"46,)"$;@*$",46(3*)%*.%'&$")"*=2.0%="*2)6$6J,)6%(*7;*)G"*=".%(4*
4,;*SV6320"*a>NT>**CG"*0",.)%0*&^*40%&&"4*)%*a>MZ*%(*4,;*P@*72)*]26.F$;*=),76$6J"4*7,.F*)%*a>Z*
,+)"0*)G,)*)6'"*&%6()@*,(4*6)*0"',6("4*=),7$"*2()6$*)G"*"(4*%+*7,).G*%&"0,)6%(*S4,;*bT>**X+*)G"*
.G,0,.)"06J"4*=%$27$"*&0%42.)=*,)*)G"*"(4*%+*)G"*7,).G*02(@*$,.),)"*9,=*)G"*4%'6(,()*=6(F@*
+%$$%9"4*7;*,."),)">**V%0',)"*6=*,*&0".20=%0*+%0*G%'%/,.")%3"("=6=*S^,*")*,$@*PMMfT*,(4*=G%2$4*
7"*.%(=64"0"4*,=*,*0",46$;*2)6$6J,7$"*=27=)0,)"*9G"(*G%'%/,.")%3"("=6=*6=*(%)*$6'6)6(3>**_,.),)"@*
,."),)"@*,(4*+%0',)"*.%(=)6)2)"4*,7%2)*OMg*%+*)G"*)%),$*"$".)0%(=*+0%'*=2.0%="*,)*)G"*"(4*%+*
)G"*7,).G*02(>*

-+)"0*,*9""F*%+*7,).G*%&"0,)6%(@*9"*=G6+)"4*)G"*0",.)%0*)%*="'6/.%()6(2%2=*'%4"*,$%(3*96)G*,(*
6(.0",="*6(*72++"0*.%(."()0,)6%(*)%*NMM*'5*76.,07%(,)"*,(4*,*4".0",="*6(*=2.0%="*6(+$2"()*
.%(."()0,)6%(*)%*NM*'5>**1"'6/.%()6(2%2=*%&"0,)6%(*6(#%$#"4*0"&$,.6(3*PMM*'_*%+*)G"*'"462'*
%(."*,*9""F>**A%00"=&%(46(3*)%*)G6=*.G,(3"@*)G"*&0%42.)*46=)0672)6%(*=G6+)"4*)%*,$'%=)*,$$*
,."),)"*SibZg*%+*)G"*)%),$*"$".)0%(=T@*,$%(3*96)G*=%'"*&0%&6%(,)"*Sbg*%+*)%),$*"$".)0%(=T*,(4*
)G"*0"=)*,=*76%',==*SV6320"*a>NT@*,+)"0*PQ*4,;=*%+*="'6/.%()6(2%2=*%&"0,)6%(>**CG"*&^*6(*)G"*
0",.)%0*0"',6("4*=)",4;*,)*,0%2(4*b>**

*

!"#$%&'3)*)'!R%#.*0&)!+%&9!46=*0672*6&)!4206)3!7,*.>!C2'!*&!4,;!\D!,)4!=27=#`2#)*!=#(6/

.&)*6)2&2=!C4,;!PUD!&'#0,*6&)!&+!+#0(#)*,*6&)!0#,.*6&)!+#4!96*>!=2.0&=#A!!B>#!#%#.*0&)!7,%,).#!

=>6+*#4!+0&(!%,.*,*#G!,.#*,*#G!+&0(,*#G!,)4!'0&'6&),*#!4206)3!7,*.>!&'#0,*6&)!*&!'0#4&(6),)*%;!

,.#*,*#!4206)3!=#(6/.&)*6)2&2=!&'#0,*6&)A!!
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>/46)64" -1.?)64"
@.1AB12)64" C71DE<6*.)64"
F*G.1H42"H)7" I2J21K2"8EB1?)77"L715<E54"A.1G</67:"



"#$#%&'(#)*!&+!,)!-.#*,*#/!&0!123,0/+#4!56.0&76,%!8&9#0!:#)#0,*&0!+&0!56%6*,0;!<,=#=!
8I=R**?6))',((@*C%00"=@*,(4*D0,E',$(6F/<0%9(*S-06J%(,*1),)"*K(6#"0=6);T* *
-9,04*UR*LMMMNO/NM/5/MPQN*

* Pa*

["*%7),6("4*&"$$")=*+0%'*)G"*=2=&"(=6%(*%+*)G"*="'6/.%()6(2%2=*0",.)%0*,+)"0*P*'%()G=*%+*
=)",4;/=),)"*%&"0,)6%(>**["*"\)0,.)"4*!L-*+0%'*)G"*&"$$")=*,+)"0*+0""J6(3*)G"'*%#"0(63G)*,)*/
PM*tA*2=6(3*?L",=;*<$%%4*,(4*C6==2"*F6)*,..%046(3*)%*',(2+,.)20"0W=*6(=)02.)6%(=*,$%(3*96)G*
'%46+6.,)6%(=*,..%046(3*)%*l6#/H$*")*,$*SPMNNT>**["*]2,()6+6"4*)G"*"\)0,.)"4*!L-*2=6(3*,*
L,(%40%&*=&".)0%&G%)%'")"0>**["*,'&$6+6"4*)G"*Na1*0?L-*3"("*+%0*3"("0,$*7,.)"06,*2=6(3*
&06'"0=*fV*,(4*NZPZ?*S_,("@*NYYNT@*,+)"0*9G6.G*)G"*8A?*&0%42.)=*9"0"*&206+6"4*+%0*.$%("*$670,0;*
&0"&,0,)6%(>**["*&"0+%0'"4*.$%("*$670,0;*,(,$;=6=*2=6(3*CX8X*C-*.$%(6(3*F6)*+%0*="]2"(.6(3@*
,..%046(3*)%*',(2+,.)20"0W=*6(=)02.)6%(=>**["*="]2"(."4*)G"*6(="0)"4*8A?*&0%42.)=*,(4*
,(,$;J"4*)G"*.$%="=)*',).G*96)G*<_-1C*=%+)9,0">**-*)%),$*%+*aQ*.$%("=*9"0"*&6.F"4*SV6320"*a>PT>*

*

!"#$%&'3)+)!!@%&)#!%670,0;!,),%;=6=!7,=#4!&)!*>#!MT1!0EX-!+&0!*>#!=2.0&=#!#)06.>(#)*!.2%*20#!*>,*!

.&)$#0*#4!=2.0&=#!'0#4&(6),)*%;!*&!,.#*,*#!,)4!=&(#!'0&'6&),*#A!

CG"*%7$63,)"*,(,"0%76.*+"0'"(),)6#"*7,.)"062'@*:#&='&0&7,.*#0!=27*#00,)#2=@*.%'&06="4*
,0%2(4*NYg*%+*)G"*)%),$*.$%("=>**:#&='&0&7,.*#0*7"$%(3=*)%*)G"*@%&=*0646,%#=!%04"0*,(4*6)*
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,"0%)%$"0,()@*,(4*=,..G,0%$;)6.@*96)G*',E%0*"(4*&0%42.)=*%+*=23,0*+"0'"(),)6%(*7"6(3*,."),)"@*
+%0',)"@*^P@*AXP@*,(4*")G,(%$*S8,0=G6(,*")*,$@*PMMQT>**@6*0&7,.*#0!,(,%&),*6.2=*SNQg*%+*)%),$*
.$%("=T*7"$%(3=*)%*)G"*R)*#0&7,.*#06,.#,#*+,'6$;*,(4*6=*F(%9(*)%*&"0+%0'*76%$%36.,$*9,)"0*3,=*
=G6+)*0",.)6%(*)%*&0%42."*G;40%3"(*3,=*+0%'*.,07%(*'%(%\64"*S?%7,60"@*PMMaT*9G"(*
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"#$#%&'(#)*!&+!,)!-.#*,*#/!&0!123,0/+#4!56.0&76,%!8&9#0!:#)#0,*&0!+&0!56%6*,0;!<,=#=!
8I=R**?6))',((@*C%00"=@*,(4*D0,E',$(6F/<0%9(*S-06J%(,*1),)"*K(6#"0=6);T* *
-9,04*UR*LMMMNO/NM/5/MPQN*

* Pb*

E2(6)&7,.6%%2=!J;%,)&%;*6.2(!6=*,(%)G"0*F(%9*3"(2=*%+*G")"0%)0%&G6.*G%'%/,.")%3"(=*)G,)*
&%=="=*)G"*.,&,76$6);*)%*&0%42."*,."),)"*"6)G"0*+0%'*=23,0=*%0*+0%'*^PkAXP*S!0,F"*^_@*NYYOT>**
16(."*)G"*"(06.G'"()*9,=*%7),6("4*+0%'*)G"*=2=&"(=6%(*%+*,(*5HA*,(%4"@*9"*,$=%*%7="0#"4*
:#&7,.*#0!=&>*SNNgT*,(4*:#&7,.*#0!=2%+200#42.#)=*SagT>**^%9"#"0@*)G"60*0%$"*)%9,04=*=2.0%="*
+"0'"(),)6%(*6=*2(.$",0>**-.*6)&(;.#=!=&>*SNMg*%+*)%),$*.$%("=T*,(4*<,.*#0&64#=!=&>*SQgT*,0"*
%+)"(*,==%.6,)"4*96)G*,(,"0%76.*76%+6$'=*=2.G*,=*5HA*,(%4"=>**^%9"#"0@*)G"60*0%$"*96)G*0"=&".)*
)%*=2.0%="*+"0'"(),)6%(*6=*,$=%*2(F(%9(>*

C%*4")"0'6("*)G"*&%==676$6);*%+*,.G6"#6(3*G63G*A%2$%'76.*"++6.6"(.6"=*+0%'*=2.0%="@*)G"*G%'%/
,.")%3"(6.*.2$)20"*4"=.067"4*,7%#"*9,=*.%'76("4*96)G*,*G63G$;*"(06.G"4*96)G*:#&7,.*#0*=&>*6(*
+$,)/&$,)"*5HA*,(%4"=*&0%42.6(3*G63G*.200"()*4"(=6)6"=*S4"=.067"4*6(*1".)6%(*OT>**["*+60=)*
,..$6',)6J"4*)G"*,."),)"/+"4*-?<*30%9(*6(*)G"*+$,)/&$,)"*5HA*96)G*NMM*'5*&G%=&G,)"*72++"0*
=%$2)6%(*)%*,(,"0%76.*'"46,*.%(),6(6(3*NMM*'5*L,^AXQ>**-+)"0*)G"*'"462'*.G,(3"@*,*=)",4;*
.200"()*4"(=6);*%+*QMM*-k'Q

,(%4"*9,=*=2=),6("4*+%0*,*+"9*4,;=*2(4"0*.%()6(2%2=*'%4"*%+*
%&"0,)6%(@*,)*9G6.G*&%6()*9"*=G6+)"4*)%*7,).G*'%4"*=%*,=*)%*=),0#"*)G"*76%+6$'*SV6320"*a>QT>*
[G"(*)G"*.200"()*4"(=6);*40%&&"4*)%*,0%2(4*NMg*%+*)G"*',\6'2'*#,$2"*Si*QM*-k'Q

,(%4"T@*9"*
0"&$,."4*)G"*,(%4"*.%()"()*96)G*)G"*7,=,$*=2.0%="*"(06.G'"()*'"462'*)G0%23G*.%()6(2%2=*
+$%9@*72)*96)G%2)*=2.0%="*,446)6%(*SV6320"*a>QT>*

*

!"#$%&'3)0A!!V&%2(#*06.!.200#)*!4#)=6*;!+&0!*>#!,.#*,*#/+#4!+%,*!'%,*#!5R@!7#+&0#!*>#!#%#.*0&)/

7,%,).#!#J'#06(#)*!96*>!*>#!=2.0&=#!.&/.2%*20#A!!

["*=),0)"4*)G"*"$".)0%(*7,$,(."*"\&"06'"()*96)G*)G"*=2.0%="*.%/.2$)20"@*,+)"0*9,6)6(3*+%0*)G0""*
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"#$#%&'(#)*!&+!,)!-.#*,*#/!&0!123,0/+#4!56.0&76,%!8&9#0!:#)#0,*&0!+&0!56%6*,0;!<,=#=!
8I=R**?6))',((@*C%00"=@*,(4*D0,E',$(6F/<0%9(*S-06J%(,*1),)"*K(6#"0=6);T* *
-9,04*UR*LMMMNO/NM/5/MPQN*

* Pf*

&"$$")*%+*)G"*=2.0%="*"(06.G'"()*.2$)20"*,(4*Z*'5*=2.0%="*6()%*)G"*,(%4"*.G,'7"0>**["*
%7),6("4*,(*6(6)6,$*=,'&$"*+0%'*)G"*5HA*,(%4"*,)*)6'"*)*x*M*+%0*]2,()6+;6(3*)G"*"\,.)*,'%2()*
%+*=2.0%="*,(4*%)G"0*%03,(6.*,.64=*7;*G63G*&"0+%0',(."*$6]264*.G0%',)%30,&G;*S^8_AT*
"]26&&"4*96)G*<IX?-!*-'6("\*^8m/fb^*.%$2'(*+%0*=23,0=*,(4*#%$,)6$"*,.64=*,(,$;=6=>**12.0%="*
,(,$;=6=*"'&$%;"4*9,)"0*,=*)G"*"$2"()*&G,="@*9G6$"*)G"*.%$2'(*9,=*F"&)*,)*QM*tA*,(4*,*
0"+0,.)6#"*6(4"\*4")".)%0*S?I!T*="0#"4*,=*)G"*4")".)%0>**["*,(,$;J"4*#%$,)6$"*,.64=*,(4*,$.%G%$=*
2=6(3*'")G%4=*4"=.067"4*6(*8,0,'"=9,0,(*")*,$*SPMMYT>***

A200"()*4"(=6);*6(.0",="4*6(=),(),("%2=$;*)%*Pb*-k'Q*,+)"0*)G"*=&6F"@*,(4*)G"(*6)*6(.0",="4*
0,&64$;*%#"0*)G"*("\)*="#"0,$*G%20=*)%*0",.G*,*',\6'2'*#,$2"*%+*NZM*-k'Q*SV6320"*a>OT>**CG6=*6=*
G,$+*)G"*',\6'2'*.200"()*4"(=6);*2(4"0*,."),)"/+"4*.%(46)6%(=>**CG"*',\6'2'*.200"()*4"(=6);*
9,=*=2=),6("4*+%0*,7%2)*a*G%20=@*,+)"0*9G6.G*6)*0,&64$;*4".$6("4*)%*=),76$6J"*,0%2(4*PM*-k'Q>*
^8_A*,(,$;=6=*6(46.,)"4*)G,)*)G"*6(+$2"()*=2.0%="*.%(."()0,)6%(*9,=*Z>a*SyM>MPT*'5@*9G6$"*(%*
=2.0%="*9,=*4")".)"4*,)*)G"*"(4*%+*)G"*7,).G*%&"0,)6%(>**["*464*(%)*4")".)*,."),)"*%0*%)G"0*
#%$,)6$"*,.64=*,)*)G"*=),0)*%0*"(4*%+*)G"*7,).G*02(>**A%2$%'76.*"++6.6"(.;@*7,="4*%(*=2.0%="*
0"'%#,$@*9,=*Ybg*SV6320"*a>OT>**A200"()*+0%'*4".,;6(3*76%',==*6(*)G"*76%+6$'*,(%4"*.%2$4*7"*,*
=63(6+6.,()*+0,.)6%(*%+*)G"*%7="0#"4*.200"()*4"(=6);@*,=*6(46.,)"4*7;*)G"*),6$*"(4*%+*V6320"*a>O@*
9G6.G*9,=*=)6$$*G%#"06(3*,0%2(4*PM*-k'Q*+%0*,7%2)*P*4,;=>**-*.%(="0#,)6#"*"=)6',)"*%+*
A%2$%'76.*"++6.6"(.;*,+)"0*46=.,046(3*,$$*.200"()*4"(=6);*%7="0#"4*,+)"0*P>Z*4,;=*=)6$$*6=*fPg>*

*

!"#$%&'3)1)'!<,*.>!=2.0&=#!.&/.2%*20#!5R@!&'#0,*6&)!6)46.,*6)3!*>#!&7=#0$#4!.200#)*!4#)=6*;!,)4!
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"#$#%&'(#)*!&+!,)!-.#*,*#/!&0!123,0/+#4!56.0&76,%!8&9#0!:#)#0,*&0!+&0!56%6*,0;!<,=#=!
8I=R**?6))',((@*C%00"=@*,(4*D0,E',$(6F/<0%9(*S-06J%(,*1),)"*K(6#"0=6);T* *
-9,04*UR*LMMMNO/NM/5/MPQN*

* PY*

?"."()*0"=",0.G*96)G*=2.0%="/*+"4*'6.0%76,$*+2"$*."$$=*G,#"*=G%9(*A%2$%'76.*"++6.6"(.6"=*
0,(36(3*+0%'*Og*6(*=6(3$"*.G,'7"0*5VA=*S<"".0%+)*")*,$>@*PMNPT*)%*,*',\6'2'*%+*YPg*6(*)9%/
=),3"*'%42$,0*5VA=*SD6'*")*,$>@*PMNMT>**X20*0"=2$)=*,0"*,*+60=)*4%.2'"(),)6%(*%+*#"0;*G63G*
A%2$%'76.*"++6.6"(.;*+0%'*=2.0%="*4206(3*.%'76("4*+"0'"(),)6%(*c*,(%4"*0"=&60,)6%(*6(*,*
=6(3$"/=)"&*5HA*,(%4">*

!

TB!G9@@(-J!(&<!7,&$)93',&3!

-(*5VA*6=*,*.%'&$"\*76%$%36.,$*,(4*"$".)0%.G"'6.,$*0",.)%0*6(*9G6.G*46++"0"()*&0%."=="=*=G%2$4*
7"*%&)6'6J"4*6(*%04"0*)%*',\6'6J"*.200"()*,(4*&%9"0*%2)&2)=>**CG0%23G%2)*%20*&0%E".)@*9"*
%&)6'6J"4*',)"06,$=@*.%(+6320,)6%(=@*.,)G%46.*0",.)6%(=@*,(4*'6.0%76,$*.%''2(6)6"=>**CG"*
="$".)6%(*%+*,(%4"*',)"06,$=*&0%#"4*)%*7"*,(*6'&%0),()*&,0,'")"0*)%*%&)6'6J"*,(*5VA>**A"0),6(*
',)"06,$=@*=2.G*,=*=),6($"==*=)""$@*0"42."*-?<*&"0+%0',(."*,(4*.200"()*&0%42.)6%(>**X(*)G"*
%)G"0*G,(4@*)G"*="$".)6%(*%+*,(*-H5*)G,)*'6(6'6J"=*&%)"()6,$*$%=="=*6(*,(*5VA*;6"$4"4*%($;*,*
=',$$*6'&0%#"'"()*6(*)G"*%#"0,$$*&"0+%0',(."*%+*)G"*5VA>**X20*0"=2$)=*=G%9*)G,)*'%=)*%+*)G"*
&%)"()6,$*$%=="=*6(*,(*5VA*%..20*,)*)G"*.,)G%4"@*9G"0"*,*&^*30,46"()*.0",)"=*,*.%(."()0,)6%(*
%#"0&%)"()6,$*)G,)*.,(*7"*0"=&%(=67$"*+%0*)G"*$%==*%+*2&*)%*iQMg*%+*)G"*"("03;*,#,6$,7$"*6(*,(*
5VA>**["*&0%#64"*,*+"9*=)0,)"36"=*)%*'6(6'6J"*&^*30,46"()=*,(4*&0"#"()*&%)"()6,$*$%=="=>*

<,="4*%(*)G"*,(,$;=6=*,7%#"@*9"*726$)*,(4*)"=)"4*,*&0%)%);&"*5VA*)G,)*&0%42."4*2&*)%*ZMM*
-k',(%4"

Q>**-(*6'&%0),()*.G,0,.)"06=)6.*%+*%20*5VA*&0%)%);&"*6=*)G"*=G%0)*46=),(."*7")9""(*
,(%4"*,(4*.,)G%4"*Sd*M>Z*.'T>**<,="4*%(*%20*.,$.2$,)6%(=@*)G6=*=G%0)*46=),(."*6=*0"]260"4*)%*
,.G6"#"*G63G*&%9"0*4"(=6)6"=*6(*,(*5VA>**_%(3"0*46=),(."=*7")9""(*,(%4"*,(4*.,)G%4"*0"=2$)*6(*
&0%G676)6#"$;*$,03"*XG'6.*$%=="=*)G,)*0"42."*)G"*%&"0,)6(3*&%)"()6,$*%+*)G"*5VA>*

V6(,$$;@*9"*%&)6'6J"4*,*'6.0%76,$*.%''2(6);*+%0*)G"*.%(=2'&)6%(*%+*=2.0%="@*,.G6"#6(3*,*
A%2$%'76.*"++6.6"(.;*%+*e*YMg>**X20*"\&"06'"()=*=G%9*)G"*6'&%0),(."*%+*%&)6'6J6(3*'6.0%76,$*
.%''2(6)6"=*6(*5VA=*6(*%04"0*)%*',\6'6J"*"$".)0%(*0".%#"06"=>**A%'76(6(3*%20*6(46#642,$*
0"=2$)=@*9"*G,#"*',4"*=63(6+6.,()*&0%30"==*)%9,04=*)G"*4"#"$%&'"()*%+*,(*"++6.6"()*=2.0%="/+"4*
'6.0%76,$*+2"$*."$$>*

* *



"#$#%&'(#)*!&+!,)!-.#*,*#/!&0!123,0/+#4!56.0&76,%!8&9#0!:#)#0,*&0!+&0!56%6*,0;!<,=#=!
8I=R**?6))',((@*C%00"=@*,(4*D0,E',$(6F/<0%9(*S-06J%(,*1),)"*K(6#"0=6);T* *
-9,04*UR*LMMMNO/NM/5/MPQN*

* QM*

*#/#-#&$#3!

• <"".0%+)*Ln@*lG,%*V@*j,0.%"*n?@*1$,4"*?AC@*CG2'="0*-H@*-#63(%("/?%==,*A>*PMNP>*!;(,'6.*.G,(3"=*6(*
'6.0%76,$*.%''2(6);*.%'&%=6)6%(*6(*'6.0%76,$*+2"$*."$$=*+"4*96)G*=2.0%=">*-&&$*56.0%76%$*<6%)".G(%$*
YQR*OPQ/OQb>*

• AG,24G206*1D@*_%#$";*!?>*PMMQ>*H$".)06.6);*3"("0,)6%(*7;*460".)*%\64,)6%(*%+*3$2.%="*6(*'"46,)%0$"==*
'6.0%76,$*+2"$*."$$=>*L,)*<6%)".G(%$*PNSNMTR*NPPY/NPQP>*

• AG"(3*1@*_62*^@*_%3,(*<H>*PMMa>*I(.0",="4*&"0+%0',(."*%+*=6(3$"/.G,'7"0*'6.0%76,$*+2"$*."$$=*2=6(3*,(*
6'&0%#"4*.,)G%4"*=)02.)20">*H$".)0%.G"'*A%''*fROfY/OYO>*

• !0,F"*^_>*NYYO>*-.")%3"("=6=>*I(*AG,&',(*,(4*^,$$*56.0%76%$%3;*1"06"=>*_%(4%(R*AG,&',(*^,$$>*
• !2',=*A@*<,=="32;*?@*<"03"$*->*PMMf>*!1-*)%*30%9*"$".)0%.G"'6.,$$;*,.)6#"*76%+6$'=*%+*:#&7,.*#0!

=2%+200#42.#)=>*H$".)0%.G6'*-.),*ZQSbTRQPMM/QPMY>*
• V,(*ql@*^2*^z@*_62*^>*PMMb>*12=),6(,7$"*&%9"0*3"("0,)6%(*6(*'6.0%76,$*+2"$*."$$=*2=6(3*76.,07%(,)"*

72++"0*,(4*&0%)%(*)0,(=+"0*'".G,(6='=>*H(#60%(*1.6*C".G(%$*OPSPQTR*fNZO/fNZf>*
• V,(3*n@*1G"(*8D>*PMMa>*z2,)"0(6J"4*&%$;S&G)G,$,J6(%(*")G"0*=2$+%("*F")%("T*'"'70,("*+%0*,(6%(*

"\.G,(3"*'"'70,("*+2"$*."$$=>*n*5"'70,("*1.6*PfZSN/PTR*QNb/QPP>*
• ^,*8C@*C,"*<@*AG,(3*I1>*PMMf>*8"0+%0',(."*,(4*7,.)"06,$*.%(=%0)62'*%+*'6.0%76,$*+2"$*."$$*+"4*96)G*

+%0',)">*H("03;*{*V2"$=*PPSNTRNaO/Naf>*
• ^"*l@*[,3("0*L@*56()""0*1!@*-(3"("()*_C>*PMMa>*-(*K&+$%9*56.0%76,$*V2"$*A"$$*96)G*,(*I()"06%0*

A,)G%4"R*-=="=='"()*%+*)G"*I()"0(,$*?"=6=),(."*7;*I'&"4,(."*1&".)0%=.%&;>*H(#60%(*1.6*C".G(%$*OMR*
ZPNP/ZPNb>*

• I(%2"*D@*_",(3*A@*V0,(F=*-H@*[%%4,04*C_@*L"#6(*D8@*_%#$";*!?>*PMNN>*1&".6+6.*$%.,$6J,)6%(*%+*)G"*./
);&"*.;)%.G0%'"*X'.l*,)*)G"*,(%4"*=20+,."*6(*.200"()/&0%42.6(3*76%+6$'=*%+*:#&7,.*#0!
=2%+200#42.#)=>*H(#60%(*56.0%76%$*?"&%0)=*QSPTR*PNN/PNb>**

• D6'*n?@*XG*1H@*AG"(3*1@*_%3,(*<H>*PMMb>*8%9"0*3"("0,)6%(*2=6(3*46++"0"()*.,)6%(@*,(6%(*,(4*
2$)0,+6$)0,)6%(*'"'70,("=*6(*'6.0%76,$*+2"$*."$$=>*H(#60%(*1.6*C".G(%$*ONSQTR*NMMO/NMMY>*

• D6'*n?@*80"'6"0*:A@*^,9F"=*V?@*?%40632"J*n@*!6(=4,$"*?5@*:29;*-n>*PMNM>*5%42$,0*)272$,0*'6.0%76,$*
+2"$*."$$=*+%0*"("03;*0".%#"0;*4206(3*=2.0%="*9,=)"9,)"0*)0",)'"()*,)*$%9*%03,(6.*$%,46(3*0,)">*NMNR*
NNYM/NNYf>*

• D$%2.G"*L@*V,04",*5_@*_,=.%200|3,*nV@*A,;%*n_@*^,."(*^@*CG%',=*8@*5,3%)*5>*PMMb>*:#&='&0&7,.*#0!
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Importance of OH! Transport from Cathodes in Microbial
Fuel Cells
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Introduction

Microbial fuel cells (MFCs) are devices in which anode-respiring
bacteria (ARB) oxidize organic compounds and transfer elec-
trons to an electrode.[1] These electrons move through a circuit
to a cathode, where oxygen is reduced, usually on a metal cat-
alyst, although biological entities, including microorganisms
and enzymes, can also be used as catalysts.[1] MFCs provide
a tremendous opportunity to achieve sustainable wastewater
treatment as it is possible to recover energy from the organics
present in wastewater directly as electrical power.[1a,2] The max-
imum available voltage in an MFC is approximately 1.1 V, on
the basis of the redox potential for the oxidation of acetate,
a commonly used electron donor, and the complete reduction
of O2 to water or OH! , both at pH7.[1b] Note that near-neutral
pH is required for the optimum growth and activity of ARB at
the anode.[3]

Cell voltages obtained with appreciable current densities are
typically less than 0.5 V, resulting in poor voltage efficiency
and low power densities.[2c,4] Kinetic studies of ARB have re-
vealed that maximum current densities ("10 Am!2) can be
achieved with anodic potential losses of only 0.1–0.2 V.[5] More
recently, current densities of up to 30 Am!2 have been ach-
ieved with similar potential losses when using 3D anodes.[6]

On the other hand, cathodic potential losses at these current
densities, when using metal catalysts, have been shown to be
>0.5 V.[2c,7] This clearly underscores the need to improve cath-
ode performance to make MFCs more efficient. In this study,
we aimed to elucidate the crucial factors that lead to cathodic
limitation in MFCs. We focus primarily on cathodes based on
metal catalysts as current densities achieved with biological
catalysts are yet too low for any practical application.

The typical 4e! oxygen reduction reaction (ORR) proceeds
on metal catalysts through either of the following two mecha-
nisms, depending on the reaction conditions [Eqs. (1) and (2)]:

O2 þ 4 e! þ 4Hþ ! 2H2O ð1Þ

O2 þ 4 e! þ 2H2O ! 4OH! ð2Þ

A common perception among researchers working on MFCs
is that the ORR proceeds through the mechanism shown in
Equation (1) as is the case for cathodes in proton exchange
membrane (PEM) fuel cells.[1a,b,2c] However, cathodes in MFCs
are subjected to significantly different conditions than in PEM
fuel cells, for example, direct contact with an electrolyte at
neutral pH. Thus, we first analyze whether this minimal avail-
ability of protons as reactant can support the cathodic current
densities typically observed in MFCs. We use the case of gas-
diffusion cathodes throughout this study as these are the most
popular and practically feasible form of cathodes currently
developed.

We show in Scheme 1a a schematic of the cathode structure
in MFCs as it is used in single-chamber MFCs. This includes

Cathodic limitation in microbial fuel cells (MFCs) is considered
an important hurdle towards practical application as a bioener-
gy technology. The oxygen reduction reaction (ORR) needs to
occur in MFCs under significantly different conditions com-
pared to chemical fuel cells, including a neutral pH. The
common reason cited for cathodic limitation is the difficulty in
providing protons to the catalyst sites. Here, we show that it is
not the availability of protons, but the transport of OH! from
the catalyst layer to the bulk liquid that largely governs catho-
dic potential losses. OH! is a product of an ORR mechanism
that has not been considered dominant before. The accumula-
tion of OH! at the catalyst sites results in an increase in the
local cathode pH, resulting in Nernstian concentration losses.

For Pt-based gas-diffusion cathodes, using polarization curves
developed in unbuffered and buffered solutions, we quantified
this loss to be >0.3 V at a current density of 10 Am!2.
We show that this loss can be partially overcome by replacing
the Nafion binder used in the cathode catalyst layer with an
anion-conducting binder and by providing additional buffer to
the cathode catalyst directly in the form of CO2, which results
in enhanced OH! transport. Our results provide a comprehen-
sive analysis of cathodic limitations in MFCs and should allow
researchers to develop and select materials for the construc-
tion of MFC cathodes and identify operational conditions that
will help minimize Nernstian concentration losses due to pH
gradients.
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a gas diffusion layer to allow efficient O2 transport to the
active catalyst sites, the cathode catalyst layer that is com-
prised of the metal catalyst (usually supported on carbon) and
an ion-conducting catalyst binder to create a three-phase
boundary required for the ORR, and a diffusion boundary layer
at the interface with the bulk liquid. If the ORR proceeds on
cathodes in MFCs through the mechanism shown in Equa-
tion (1), the flux of protons through the catalyst layer and the
diffusion boundary layer has to be sufficient to support the
current densities of 5–10 Am!2 that are usually observed. This
transport of protons occurs mainly through diffusion, accord-
ing to Fick’s law [Eq. (3)]:

JHþ ¼
DHþ C0

Hþ ! C*Hþ

! "

L
ð3Þ

where JH+ is the rate of transport of protons from the bulk
liquid to the catalyst sites [mmolcm!2 s!1] , C0

H+ and C*H+ are
the bulk liquid and the local cathode concentrations of pro-
tons, respectively [mmolcm!3] , DH+ is the cumulative diffusion
coefficient of protons in the combined catalyst and diffusion
boundary layers [cm2 s!1] , and L is the entire length of diffusion
[cm].

The maximum concentration gradient that can exist for the
transport of protons through the diffusion boundary layer,
when the bulk liquid is at pH7, is approximately 10!7m
(Scheme 1b). We need to assume a thickness L for the diffu-
sion boundary layer to determine the flux of protons through
it. This thickness depends on the hydrodynamic conditions at
the interface, and the smallest value is tens of microns for
well-stirred solutions.[9] However, MFCs are typically unstirred
or mildly stirred; thus, this diffusion boundary layer can easily
be >100 mm thick.[9] Assuming a 100 mm thick diffusion boun-
dary layer, we determined that the maximum flux of protons
through it will be approximately 9!10!10 mmolcm!2 s!1. This
corresponds to a maximum current density of only approxi-

mately 8.5!10!3 Am!2, which is about three orders of magni-
tude lower than the typically observed current densities in
MFCs. This analysis does not include the resistance to proton
transport in the cathode catalyst layer, which will further
reduce the actual flux to the active catalyst sites. Thus, we con-
clude that the ORR cannot proceed on cathodes in MFCs
through the mechanism shown in Equation (1); it must occur
through the mechanism shown in Equation (2), as it does in al-
kaline fuel cells.[10] Other authors have already suggested that
the ORR, in electrolytes with a neutral to alkaline pH, proceeds
through the latter mechanism, irrespective of the metal cata-
lyst used.[11] Note that our analysis here applies not just to gas-
diffusion cathodes in single-chamber MFCs, but to any cathode
containing a metal catalyst that is bound onto a support (e.g. ,
carbon cloth) with a polymeric binder and/or surrounded by
bulk electrolyte, either liquid or membrane, at neutral pH.

An important implication of the mechanism shown in Equa-
tion (2) is that it is OH! transport, not proton transport, that
governs cathode performance in MFCs. An inability to rapidly
transport OH! from the active catalyst sites to the bulk liquid
will result in an increase in its local concentration, leading to
concentration overpotential (hconc). Cathodic hconc in chemical
fuel cells is often associated with mass transport limitations of
O2 (a reactant) at high current densities.[12] As we will explain
in the next section, hconc in MFCs can occur even at low current
densities as a result of Nernstian losses due to an increase in
the local concentration of OH! (a product) and, hence, local
cathode pH value. From the Nernst equation, every increase in
one pH unit decreases the redox potential for the ORR by ap-
proximately 59 mV (at room temperature).[1b] We hypothesize
that this Nernstian hconc, a result of poor OH! transport (re-
ferred to from hereon as h[OH!]), could contribute significantly
to the cathodic potential losses typically observed in MFCs.

We show in Scheme 2 that resistances to OH! transport
exist in the cathode catalyst layer and the diffusion boundary
layer. The flux of OH! through each layer depends on the diffu-
sion coefficients of OH! in each (DOH!), as well as the thickness
of each (L). To transport OH! from the active catalyst sites to
the bulk liquid, the presence of an OH! concentration gradient
is necessary. However, to minimize h[OH!] , we must also mini-
mize the OH! concentration gradient. Therefore, it is essential

Scheme 1. (a) Schematic of the cathode structure in MFCs. (b) Hypothetical
case of proton transport through the diffusion boundary layer. The flux of
protons was determined using Fick’s first law of diffusion with a diffusion
coefficient of protons=9!10!5 cm2s!1.[8]

Scheme 2. Schematic of OH! transport from the cathode catalyst layer to
the bulk liquid. DOH! and L are represented as cumulative parameters for the
diffusion boundary layer and the cathode catalyst layer together.
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to have a very large DOH!/L, so that a high flux of OH! can be
maintained with smaller concentration gradients; this leads to
a lower local pH value for a specific current density (or rate of
OH! production). h[OH!] is important in MFC cathodes because
the bulk liquid has a very low concentration of OH! ("10!7m),
and even low current densities and concentration gradients
will lead to significant losses. In contrast, alkaline fuel cells
have an electrolyte at pH14 ([OH!]=1m) ; even at modest cur-
rent densities and concentration gradients, the pH increase is
negligible, thus making h[OH!] unimportant. The same holds
true also for h[H+] (i.e. , the Nernstian concentration overpoten-
tial related to lower local proton concentration) in PEM fuel
cells, where consumption of protons at moderate current den-
sities hardly changes the local cathode pH value.

Potential losses based on the pH value are often acknowl-
edged in MFCs when a membrane is used to separate the
anode and the cathode chambers.[13] These occur because cat-
ions other than protons (the product of anode respiration) are
transported from the anode to the cathode through the cation
exchange membrane typically used. The transport of other cat-
ions (instead of protons) results in a decrease in the pH value
of the anode chamber and an increase in the pH value of the
cathode chamber.[14] A common approach taken to avoid these
losses is to exclude the membrane.[1c] However, we stress here
that pH-based losses associated with the cathode could occur
even in the absence of the membrane because of OH! trans-
port limitation in the cathode catalyst and diffusion boundary
layers.

Based on OH! transport, we argue that current MFC designs
lead to a considerable h[OH!] in cathodes. The first reason stems
from the anion-conducting properties of the catalyst binder
used for creating a three-phase boundary for the ORR. As an
extrapolation from its use in PEM fuel cells, Nafion has been
the binder of choice in cathodes in MFCs.[15] However, Nafion
contains sulfonate moieties that are efficient in transporting
cations, but provide significant resistance to the transport of
anions.[16] Using Nafion as the binder in cathodes in MFCs
should thus lead to small DOH!/L values for the cathode catalyst
layer, which would result in a high local concentration of OH!

and high local cathode pH value. Recent studies have shown
that increasing the sulfonation of the binders used in cathodes
in MFCs results in poorer performance, whereas replacing
Nafion with a polymer that lacks sulfonate moieties or exclud-
ing the binder altogether results in lower cathodic potential
losses, indirectly corroborating our hypothesis here.[17] The
second reason is the lack of sufficient agitation, which results
in a significant diffusion boundary layer, as we mentioned earli-
er. Decreasing the diffusion boundary layer thickness would re-
quire increasing the agitation rates, which presents a challenge
for the practical application of additional electrical energy
input.

We note that buffers used in MFCs could aid in OH! trans-
port through the cathode catalyst and diffusion boundary
layers. For example, when phosphate is used as a buffer, the
H2PO4

! species can deprotonate to HPO4
2!, which acts as an

OH! carrier. However, the diffusion coefficients of carriers such
as HPO4

2! in water are an order of magnitude lower than that

of OH! .[18] In addition, Nafion provides significant resistance to
transport of these anions in the cathode catalyst layer. An
increase in local pH would rapidly lead to unfavorable concen-
tration gradients for the relevant buffer species. Thus, we antic-
ipate that buffers will be able to aid in OH! transport only in
a certain range of current densities, which is as yet un-
determined.

In this study, we aimed to determine the magnitude of h[OH!]

as a result of the increase in the local OH! concentration in
MFC cathodes by using gas-diffusion cathodes as they are
used in single-chamber MFCs as an example. We used polariza-
tion curves developed for cathodes under various conditions
in gas-diffusion half cells to show that these losses are signifi-
cant and can explain the poor cathode performance in MFCs
compared to chemical fuel cells. We also show that phosphate
buffer helps decrease h[OH!] only at low current densities;
higher current densities make it impossible to maintain a neu-
tral local cathode pH value. We also show that these losses can
be mitigated to some extent by replacing Nafion as the cata-
lyst binder with an anion-conducting polymer, which results in
significantly larger D/L values for OH! and the anionic buffers.
Finally, we show that providing an additional OH! carrier to
the cathode in the form of CO2, which is fed in a mixture with
air, further improves cathode performance by reducing the
local cathode pH value and, thus, h[OH!] .

Overview of potential losses

We describe here some fundamentals of electrochemical reac-
tion kinetics and associated potential losses that we use to elu-
cidate the importance of OH! transport in cathodes in MFCs.[19]

For all electrochemical reactions occurring on an electrode sur-
rounded by an electrolyte, two types of potential losses occur
under polarized conditions. The first is the activation loss (hact),
which is associated with the potential barrier of the reaction.
The relationship between electrical current density (j) and hact

is described by the Butler–Volmer equation [Eq. (4)] , which is
shown here for ORR:

j ¼ j0
C*O2

C0*O2

e
anFhact

RT ! C*OH!

C0*OH!
e
! 1!að ÞnFhact

RT

! "
ð4Þ

where j0, a, and n are the exchange current density [Am!2] ,
charge transfer coefficient, and the number of electrons trans-
ferred, respectively, which are properties of the catalyst used
for the ORR (Pt in our experiments). Briefly, j0 is the back-
ground current density at zero net overpotential, and a is the
fraction of the thermodynamic potential available at the elec-
trode–electrolyte interface that helps to lower the activation
energy. C* denotes the actual concentrations at the catalyst
surface, whereas C0* stands for reference concentrations. Note
that the term associated with the product (OH!) concentra-
tions in Equation (4) becomes negligible with increasing hact.
As we will show later, this is the case for ORR on Pt at current
densities typically observed in MFCs. Consequently, we use the
Butler–Volmer equation in this simpler form [Eq. (5)]:
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j ¼ j0
C*O2

C0*O2

e
anFhact

RT

! "
ð5Þ

Equation (5) should describe cathode polarization curves as
long as the only potential loss occurring is due to the activa-
tion barrier. Deviation from this equation indicates a second
potential loss associated with the concentrations of the reac-
tants and products (hconc). The concentration of O2, which is
a reactant for the ORR, results in overpotentials in two ways.
The first way occurs via directly affecting the kinetics described
by the Butler–Volmer equation, where a decrease in C*O2

de-
creases the electrical current. The second results from an effect
on the reversible thermodynamic voltage described by the
Nernst equation. We assume that concentration overpotentials
related to O2 are negligible in MFC cathodes as these typically
occur at very high current densities that are not yet achieved
in MFCs.[12,20]

Any deviations in cathode polarization curves from those
calculated by using Equation (5) must be due to concentration
losses associated with the product (OH$ , h[OH$]). OH

$ concen-
trations affect the reversible thermodynamic voltage according
to Equation (6):

h OH$½ & ¼ E0
O2=OH$ $ E*O2=OH$

¼ E0 $ RT
nF

ln C0
OH$

# $% &
$ E0 $ RT

nF
ln C*OH$

# $% &

¼ RT
nF

ln
C*OH$

C0
OH$

! "
ð6Þ

It is evident from Equation (6) that an increase in the local
concentration of OH$ (C*OH$) leads to an increased h[OH$] . C*OH$

is directly related to the rate of transport of OH$ from the cata-
lyst to the bulk liquid (J) through Fick’s law, which for OH$

transport can be written as:

J ¼
DOH$ C*OH$ $ C0

OH$

# $

L
ð7Þ

In this study, we use the above concepts to determine C*OH$

and DOH$/L for cathodes in MFCs using polarization curves ob-
tained in unbuffered solutions. We also extend our analysis to
cathode performance in phosphate buffer, for which we deter-
mine h[OH$] .

Results and Discussion

Cathode performance in unbuffered solution

We first used linear sweep voltammetry (LSV) to obtain polari-
zation curves for Pt-based gas-diffusion cathodes constructed
with Nafion binder in unbuffered 100mm NaClO4 solution at
pH7.5, 10.8, or 13. The curves are shown in Figure 1. We ob-
tained at least three polarization curves for each condition and
show one representative set here. We provide an additional
representative set in the Supporting Information as Figure S1.
All replicate curves followed the same trend as shown here.

As we have already mentioned, activation losses should not be
different among the different conditions we tested, per
Equation (5).

It is evident from Figure 1 that the cathode in pH7.5 solu-
tion had the largest potential losses, particularly at low current
densities. The cathode in pH7.5 solution had the highest open
circuit potential (OCP), a result of the lower initial pH value.
Even so, the OCP was lower than the thermodynamic equilibri-
um potential of 0.78 V versus SHE (at pH7.5), as expected for
the 4e$ ORR. This loss on OCP (hmixed) can be attributed to
mixed potential caused by the competing 2e$ ORR that produ-
ces H2O2 (or HO2

$) and has a thermodynamic equilibrium po-
tential of 0.26 V versus SHE (at pH7.5).[21]

The difference in potential for the cathode in pH7.5 solution
versus the cathodes in higher pH solutions was only main-
tained at current densities <1 Am$2, indicative of high poten-
tial losses at low current densities. These losses also decreased
with an increasing bulk liquid pH value, indicating that they
are related directly to the concentration gradient for OH$ be-
tween the bulk liquid and the cathode. An effect of O2 concen-
tration on these losses can be ruled out as these current densi-
ties are well below what would cause losses due to O2 limita-
tion. Also, any losses due to O2 limitation would not be a func-
tion of the bulk liquid pH value.

Eventually, all cathodes converged to the same potential at
high current densities. hact should be similar among the differ-
ent conditions we tested here, per Equation (5), as it is related
to the intrinsic properties of the catalyst used (Pt). hmixed

should also be similar. Therefore, the convergence of the cath-
ode potentials suggests that they all reach the same local pH,
irrespective of the bulk liquid pH value. This experiment thus
provides the first indication of the importance of OH$ trans-
port from cathodes and its resulting impact on h[OH$] .

We assume that h[OH$] for the cathode in pH13 solution
should be negligible because, at the current densities tested,
the local concentration of OH$ is not likely to increase by
more than a few times the bulk liquid OH$ concentration; thus
h[OH$] , if nonzero, would have been only a few tens of mV,
compared to the other two conditions, for which it was likely
to be hundreds of mV. We thus used the polarization curve for
the cathode in pH13 solution to determine the parameters re-
lated to catalyst activity, that is, j0 and a.

Figure 1. Polarization curves of Pt-based gas-diffusion cathodes constructed
with Nafion binder in 100mm NaClO4 solution at different pH values.
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At large values of hact, the Butler–Volmer equation simplifies
to the Tafel equation [Eq. (8)]:

ln j ¼ ln j0 þ
anFhact

RT
ð8Þ

to which the polarization curve can be fitted after including
hmixed. We obtained j0 and a values of 9.5!10%8 Acm%2 and
0.195, respectively, as the averages from fitting the three polar-
ization curves in pH13 solution to the Tafel equation (Fig-
ure S2). These values are within the ranges that are typically
observed for Pt for the 4e% ORR.[22] Using the obtained values
from the Tafel plot, the Butler–Volmer equation predicts the
potential losses of the cathode in pH13 solution (Figure S3).

Next, we used the j0 and a values to predict the hact-con-
trolled response (including hmixed) of the cathode in pH7.5
solution using Equation (5) (shown in Figure 2). The actual re-

sponse of the cathode was controlled by an additional overpo-
tential, which should be h[OH%] . We thus performed further anal-
yses to determine the transport properties of OH% and the re-
sulting local pH that would correspond to the h[OH%] observed.
The total potential loss for the cathode can be represented as
Equation (9):

htotal ¼ hact þ hmixed þ h OH%½ ' ð9Þ

By using Equations (5), (6), and (9), the local concentration of
OH% could be obtained as a function of htotal, and thus the
local cathode pH value could be determined. We show the
local cathode pH value as a function of the current density in
Figure 2. The pH value increased to >11 very rapidly at current
densities <1 Am%2 and was >12.5 at 10 Am%2. We fitted the
local concentration of OH% to Equation (7) to determine the
cumulative DOH%/L value for OH% transport through the cath-
ode catalyst layer and diffusion boundary layer. A good fit was
observed for a DOH%/L value of 0.00034 cms%1 (Figure 2). If we
assume that DOH% in Nafion is similar to that in water, this DOH%/
L value corresponds to a diffusion length of around 1.550 mm.

This length seems unreasonable, confirming that a large trans-
port resistance exists in the cathode catalyst layer due to low
DOH% in Nafion. Hence, the cathode catalyst layer caused a sig-
nificant h[OH%] . The DOH%/L value determined here also fits the
polarization curve for the cathode in pH10.8 solution (Fig-
ure S4).

At 10 Am%2, the hact and hmixed combined values are around
0.35 V (Figure 2), calculated by using Equation (5), which is the
loss from the thermodynamic equilibrium potential of the ORR
(0.78 V vs. SHE at pH7.5) to the calculated Butler–Volmer
curve. h[OH%] is approximately 0.35 V, calculated as the differ-
ence between the Butler–Volmer calculation and the actual
data obtained. This analysis shows that a significant fraction
((50%) of the cathode potential losses was due to h[OH%] .

Cathode performance in phosphate buffer

Although the above experiments were performed in unbuf-
fered solutions, a buffer is typically used in MFCs to maintain
the bulk liquid pH closer to neutral. This buffer could also help
to transport OH% from the cathode to the bulk liquid. We thus
obtained polarization curves for Pt-based gas-diffusion cath-
odes constructed with Nafion binder in 100mm phosphate
buffer. Similar to the above experiments, we performed these
experiments in buffer solutions with different pH values, rang-
ing from 7.2 to 12.9. We show these polarization curves in
Figure 3. We performed at least three replicate LSVs and show
one representative set here. We provide an additional repre-
sentative set in the Supporting Information as Figure S5.

Potential losses for a given current density decreased with
increasing bulk liquid pH value (Figure 3). This trend is similar
to the performances in unbuffered solution (Figure 1) and
a result of higher h[OH%] at lower bulk-liquid pH values. Further-
more, the phosphate buffer did not help maintaining the same
local cathode pH value as the bulk liquid pH value, even at
low current densities (<5 Am%2), especially if the bulk pH was
8.3 or higher. This can be explained by the fact that the
second pKa value of phosphate buffer is 7.2. At a pH of 8.3 or
higher, the phosphate buffer exists primarily as HPO4

2% species,
and, thus, a favorable gradient for transport of OH% cannot be

Figure 2. Comparison of polarization curve of Pt-based gas-diffusion cath-
ode constructed with Nafion binder in 100mm NaClO4 solution at pH7.5
with curves predicted from the Butler–Volmer equation without and with
OH% diffusion limitation, and the predicted local cathode pH value as a func-
tion of current density resulting from OH% diffusion limitation.

Figure 3. Polarization curves of Pt-based gas-diffusion cathodes constructed
with Nafion binder in 100mm phosphate buffer at different pH values.
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obtained through the deprotonation of H2PO4
! to HPO4

2!. The
local cathode pH value has to be close to the next pKa, 12.4,
for HPO4

2! to deprotonate to PO4
3!, to act as an OH! carrier.

However, when the cathode was in bulk liquid of pH7.2 with
buffer, the potential losses were lower in the low-current den-
sity region (<5 Am!2), suggesting a benefit from the transport
of OH! through deprotonation of H2PO4

! to HPO4
2!. The use

of buffer to improve cathode performance has been shown
previously, although these experiments were performed at
pH3.3 and with cathodes that did not contain a gas diffusion
layer;[7a] thus, it is not completely relevant to compare the rela-
tive improvement in performance with our results. In the
range of 3–5 Am!2, a distinct change in the slope of the polari-
zation curve is observed, which is likely a result of the local
cathode pH value reaching the third pKa value of phosphate
(i.e. , 12.4). At 10 Am!2, however, even the cathode in pH7.2
solution appears to have reached a high local pH value, evi-
dent from the large potential losses at this current density.

We next compared the experimentally obtained polarization
curve of the cathode in pH7.2 solution with the hact-controlled
response (including hmixed) of the cathode as determined by
using Equation (5). We show this comparison in Figure 4. The

difference between the two provides a measure of h[OH!] . At
a current density of 10 Am!2, h[OH!] was >0.3 V, suggesting
that the local cathode pH value was already around five units
higher than the bulk liquid pH value. h[OH!] increased only mar-
ginally beyond this current density, as expected from the re-
sults in pH12.9 solution. h[OH!] was smaller at low current densi-
ties (<5 Am!2), but still represented a significant potential
loss. For example, h[OH!] was around 0.15 V at 4 Am!2, corre-
sponding to a local cathode pH of approximately 9.7. This pH
value represents the tail end of where a favorable concentra-
tion gradient could exist for OH! transport through deprotona-
tion of H2PO4

! to HPO4
2!.

Cathode performance in unbuffered solution with aniono-
mer binder

Having established that Nafion provides significant resistance
to OH! transport, either directly or through phosphate buffer
as OH! carrier, we hypothesized that replacing Nafion with an
anion-conducting polymer will result in improved cathode per-
formance through a lower h[OH!] due to a higher DOH! as well as
Dbuffer. Several polymers containing quaternary ammonium moi-
eties have a good anion exchange capacity and are available
from applications in anion exchange membrane (AEM) fuel
cells.[23] We selected one of these, AS-4 (Tokuyama Corpora-
tion), to validate our hypothesis. This particular polymer has
one of the highest anion exchange capacities of all anionomers
developed so far.[24]

We obtained polarization curves for Pt-based gas-diffusion
cathodes constructed with AS-4 binder in unbuffered 100mm
NaClO4 solution at pH7.2, 10.8, or 13, similar to our previous
experiments with cathodes constructed with Nafion binder. We
show the results in Figure 5 as one representative set out of at

least three LSVs for each condition and we provide a replicate
as Figure S6 in the Supporting Information. Similar to the cath-
odes with Nafion binder, the potential losses at any given cur-
rent density decreased with increasing pH, suggesting that, de-
spite the presence of a different binder, h[OH!] developed in
cathodes placed in solutions with lower pH values. However,
we observed a key difference for cathodes with AS-4 binder
compared to those with Nafion binder. The latter converged to
the same potential at current densities of approximately
20 Am!2 irrespective of the bulk liquid pH value; however, in
the case of AS-4 binder, the cathodes in pH7.2 and 10.8 solu-
tions did not converge with the cathode in pH13 solution,
even at 30 Am!2. This difference indicates an improvement in
OH! transport. To confirm that the intrinsic property of the
cathode catalyst had not changed, we fitted the polarization
curve for the cathodes in pH13 solution (n=3) to the Tafel
equation and obtained values of j0 and a of 2.8!10!6 Acm!2

and 0.143, respectively (Figure S7). Although these values are
slightly different from those determined for the cathodes with
Nafion binder, they still lie in the range we would expect for Pt
for the ORR.[22]

Figure 4. Comparison of a polarization curve of a Pt-based gas-diffusion
cathode constructed with Nafion binder in 100mm phosphate buffer at
pH7.2 with curves predicted from the Butler–Volmer equation without OH!

diffusion limitation.

Figure 5. Polarization curves of Pt-based gas-diffusion cathodes constructed
with AS-4 binder in 100mm NaClO4 solution at different pH values.
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Next, we used the j0 and a values determined above to pre-
dict the hact-controlled response (including hmixed) of the cath-
ode in pH7.2 solution using Equation (5). We show this in
Figure 6. Similar to the cathodes with Nafion binder, the actual
response of the cathode was controlled by an additional over-
potential, h[OH!] . By using Equations (5), (6), and (9), we deter-

mined the local concentration of OH! , which showed that the
local cathode pH value increased rapidly. Compared to the
cathode with Nafion binder, the cathode with AS-4 binder was
able to maintain only a marginally lower local cathode pH at
a given current density. We further fitted the local cathode pH
value of the latter to Fick’s law and we observed a good fit
(Figure 2) for DOH!/L of 0.00058 cms!1. This is around 60%
higher than the value we determined earlier for the cathode
with Nafion binder; thus, replacing Nafion with AS-4 as the
binder improved OH! transport. The magnitude of this im-
provement (60%) may appear large, but the relative benefit in
decreasing h[OH!] was negligible because h[OH!] can be de-
creased by around 60 mV when DOH!/L is increased by a factor
of 10; thus, maintaining a pH value close to neutral would re-
quire increasing DOH! for the binder approximately 105 times.

Cathode performance in phosphate buffer with anionomer
binder

Although the anion-conducting binder we tested here did not
seem to provide significant benefits over Nafion purely from
the perspective of direct OH! transport, we hypothesized that
it still could allow better transport of phosphate buffer as the
OH! carrier. We thus obtained polarization curves for Pt-based
gas-diffusion cathodes constructed with AS-4 binder in 100mm
phosphate buffer at pH7.2 and compared them to those for
cathodes constructed with Nafion binder. We show this com-
parison in Figure 7 as one representative set out of at least
three LSVs for each cathode. We provide a replicate curve as
Figure S8 in the Supporting Information. Compared to the
cathodes with Nafion binder, potential losses for the cathode
with AS-4 binder were lower. As we expect hact to be the same

for both cathodes, the improved performance of the cathode
with AS-4 binder is a direct result of a decrease in h[OH!] . Within
the range of current densities typically observed in MFCs, h[OH!]

for the cathode with AS-4 binder was up to 157 mV lower than
that for the cathode with Nafion binder, indicating a significant
improvement in D/L for the phosphate buffer. Considering this
result, we suggest that Nafion as the cathode catalyst binder
in MFCs be replaced with anion-conducting binders such as
the one we used here.

The maximum saving in h[OH!] of 157 mV at 7.5 Am!2 sug-
gests that the local cathode pH value was about 2.6 units
lower with the AS-4 binder. As the cathode with the Nafion
binder was close to a local pH12 at this current density (as we
determined previously), the local cathode pH value with AS-4
binder was approximately 9.4. This still represents a significant
remaining h[OH!] ("140 mV) and, thus, opportunity to improve
the cathode performance remains. One of the ways that this
could be achieved is by using anion-conducting binders with
higher anion exchange capacities, such as those containing
quaternary phosphonium groups. These have shown anion ex-
change capacities at least 2–3 times those of polymers contain-
ing quaternary ammonium groups.[25]

A second way to improve cathode performance would be
through providing additional buffer in the form of CO2. We
have shown in the past that adding CO2 to the cathode cham-
ber in MFCs containing a membrane helps to transport OH!

across the membrane.[26] Similarly, adding CO2 even in mem-
brane-less systems should allow enhanced OH! transport from
the cathode catalyst to the bulk liquid. H2CO3 (hydrated CO2)
would deprotonate to HCO3

! , thus acting as an OH! carrier.
The advantage of providing CO2, especially to gas-diffusion
cathodes, is that it can be delivered directly to the catalyst
sites through the gas-diffusion layer, compared to phosphate
buffer, which suffers from the same diffusion limitations as
OH! . Also, the second pKa of the CO2 buffer system is 10.3,
which would allow a lower cathode pH value to be maintained
at higher current densities than phosphate through OH! trans-
port by the HCO3

!/CO3
2! couple. We thus obtained polariza-

tion curves for the cathodes constructed with AS-4 binder with
CO2 feed (5% mixture with air). We show a representative
curve in Figure 7. It is apparent that CO2 addition did not sig-

Figure 6. Comparison of a polarization curve of a Pt-based gas-diffusion
cathode constructed with AS-4 binder in 100mm NaClO4 solution at pH7.5
with curves predicted from the Butler–Volmer equation without and with
OH! diffusion limitation, and the predicted local cathode pH value as a func-
tion of current density resulting from OH! diffusion limitation.

Figure 7. Comparison of polarization curves of Pt-based gas-diffusion cath-
ode constructed with Nafion and AS-4 binders, the latter with and without
CO2 feed to the cathode, in 100mm phosphate buffer at pH7.2.
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nificantly help in the region of low current densities
(<5 Am!2) as phosphate was already partially aiding OH!

transport, and thus h[OH!] was small. However, CO2 addition re-
sulted in lower h[OH!] at higher current densities. Compared to
the cathode with Nafion (and no CO2), h[OH!] was around 120–
140 mV lower for the cathode with AS-4 with CO2 addition,
thus representing a local cathode pH value close to 10. We
thus conclude that enhanced OH! transport occurred through
the deprotonation of H2CO3 to CO3

2!.
Our cumulative results clearly indicate the importance of

OH! transport from cathodes in MFCs. Although we report
values of potential losses here specifically for gas-diffusion
cathodes as they are used in single-chamber MFCs, our find-
ings related to OH! transport limitations also should apply to
all MFCs with a cathode containing a polymer binder and/or
surrounded by bulk electrolyte at neutral pH as well as to en-
zymatic fuel cells that use an abiotic cathode under similar
conditions. We have shown that replacing Nafion as the cata-
lyst binder with an anion-conducting binder and providing
CO2 to the cathode as an additional OH! carrier improves OH!

transport, thus reducing h[OH!] . Although we used gas-diffusion
half cells and thus cannot demonstrate directly the effect of
improving OH! transport on power densities in MFCs, we can
estimate these by using a realistic case. We assume an MFC
with equally sized electrodes, with an anode producing
7.5 Am!2 at !0.1 V versus SHE. At this current density, the
cathode potentials would be 0.176 V versus SHE with Nafion
binder and 0.333 V versus SHE with AS-4 binder. We need to
estimate the Ohmic losses for this system, which we do by as-
suming using a 100mm phosphate buffer (conductivity of
"15 mScm!1) and a distance of 2 cm between the anode and
the cathode, as is typically used in laboratory MFCs; this gives
an Ohmic loss of around 0.1 V. Hence, the MFC with the cath-
ode with Nafion binder would produce a power density of
1.3 Wm!2, which is similar to those obtained experimentally by
other groups.[7d,17a, c, 27] In comparison, the cathode with AS-4
binder would produce a power density of 2.5 Wm!2. This con-
stitutes an increase in power density of >90% strictly achieved
by replacement of the cathode catalyst binder.

Conclusions

We have shown here that sluggish transport of OH! from the
cathode catalyst layer to the bulk liquid results in considerable
potential losses in microbial fuel cell (MFC) cathodes. For gas-
diffusion cathodes, we determined the combined DOH!/L value
for the cathode catalyst layer and the diffusion boundary layer
at the interface with the bulk liquid to be 0.00034 cms!1, con-
firming that the use of Nafion as the catalyst binder significant-
ly impedes OH! transport. We also determined that phosphate
buffer does not help maintaining a neutral cathode pH value.
At a current density of 10 Am!2, this pH-based potential loss
was >0.3 V, representing a significant fraction of the overall
cathodic potential loss.

We also showed that replacing the Nafion binder with an
anion-conducting binder, here AS-4, partially improved cath-
ode performance through an increase in DOH!/L to

0.00058 cms!1 as well as improved transport of buffer species.
At a current density of 7.5 Am!2, potential losses with AS-4
binder were approximately 157 mV lower than those with
Nafion binder, representing a decrease in local cathode pH
value by around 2.6 units. The pH-based potential loss can be
decreased further, especially for high current densities, by pro-
viding CO2 directly to the cathode as an acid. This occurs as
a result of buffering close to pH10.3 (second pKa of the car-
bonate species), compared with the phosphate buffer only, for
which the relevant pKa is 12.4.

Experimental Section

Cathodes

We prepared cathodes (9 cm2) from 30% wet-proofed carbon cloth
gas-diffusion layers coated with a microporous carbon layer
(MPCL) on one side (Electrochem Inc. , USA). We prepared catalyst
ink using 0.5 g of 30% Pt/C powder (Electrochem Inc. , USA) mixed
in 5 mL of 5% ionomer in isopropanol solution (Nafion, Sigma–Al-
drich, USA, or AS-4, Tokuyama Corporation, Japan) by sonication
for 30 min and magnetic stirring for 24 h, as binder, and applied it
to the side of cathodes opposite to the MPCL by using a paint
brush. We used a Pt loading of 0.5 mgcm!2 on all cathodes.

Gas-diffusion half cells

We constructed gas-diffusion half cells (3 cm!1.8 cm!3 cm) as
Plexiglass chambers of around 16 mL volume closed at one end.
We placed the cathodes at the other end with the catalyst-coated
side facing inside (towards the solution) and the MPCL outside (to-
wards air). We used a saturated calomel electrode (+0.244 V vs.
SHE) as the reference electrode and placed it inside the cells at
a distance of 5 mm from the cathode. We used a stainless steel
rod as the counter electrode ("9 cm2, 5 mm diameter). We ob-
tained LSVs for the cathodes in 100mm phosphate buffer, pre-
pared with 65mm Na2HPO4 and 35mm NaH2PO4·H2O, and adjusted
the buffer solution to pH values of 7.2, 8.3, 9.8, 11.2, and 12.9 by
using different amounts of 4m NaOH. We also conducted experi-
ments in the absence of buffer using 100mm NaClO4 in deionized
water, adjusting the pH values to 7.2 (or 7.5), 10.8, and 13 by using
different amounts of 4m NaOH. We also conducted some experi-
ments with CO2 fed to the cathode mixed with air at concentra-
tions of 5%. For these experiments, we added a Plexiglass cham-
ber to the cathode side to which we fed the gas mixture at a flow
rate of 100 mLmin!1.

Electrochemical analyses

We performed LSVs on all cathodes at 30 8C by using a potentiostat
(Princeton Applied Research, USA) at a scan rate of 1 mVs!1. We
performed iR correction for all LSVs to correct for the Ohmic loss
between the reference electrode and the cathode, by using an
average Ohmic loss as measured from around 20 impedance spec-
troscopy measurements at 100 kHz with an amplitude of 10 mV.
For each condition and/or cathode, we obtained at least three po-
larization curves. We also obtained j–V curves for selected cathodes
and conditions using chronopotentiometry to confirm that
a steady state was achieved in the LSVs at the selected scan rate.
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On Electron Transport through Geobacter Biofilms
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Introduction

Geobacter spp. (e.g. , Geobacter sulfurreducens strain DL1) can
acquire energy by coupling the intracellular oxidation of or-
ganic matter, such as acetate, with extracellular electron trans-
fer to an anode (an electrode maintained at a sufficiently posi-
tive electrochemical potential to act as an electron drain)
resulting in an electric current (Figure 1).[1] The anode-respiring
ability of Geobacter derives from their ability to reduce in-
soluble oxidants, such as FeIII oxides, observed in natural
environments.

Although other species are known to catalyze anodic reac-
tions,[2] Geobacter are distinct for the high rate at which they
can directly transfer electrons to an anode surface, comparable
to the rate at which they can respire soluble oxidants such as
FeIII citrate, while not relying on soluble electron transfer medi-
ators such as flavins.[3] Furthermore, on anodes that are inex-
haustible electron acceptors, Geobacter can form multi-microbe
thick, persistent biofilms not observed when respiring insolu-
ble oxidants, in which microbes residing more than 20-cell
lengths away utilize the anode as their terminal electron ac-
ceptor. The combination of robust direct electron transfer and
high cell surface density (microbes across the entire biofilm
generating electrons, which are collected by the underlying
anode) enables Geobacter biofilms to achieve higher anodic
current densities than any other species.[4] For this reason, Geo-
bacter may play an important role in emerging technologies
based on microbe-catalyzed anode processes for which abiotic
catalysts do not exist, such as wastewater treatment and
energy generation from biomass oxidation.[5]

Figure 1. Top: TEM image of cross section of Geobacter sulfurreducens strain
DL-1 biofilm anode grown to the point where growth becomes limited
(image courtesy of E. V. LaBelle). Bottom: Schematic depiction of the overall
process of Geobacter biofilm anode respiration. Here, acetate is the electron
donor, L is the biofilm thickness (typically>20 mm), and z is the distance
from the anode surface inside the biofilm.

Geobacter spp. can form a biofilm that is more than 20 mm
thick on an anode surface by utilizing the anode as a terminal
respiratory electron acceptor. Just how microbes transport
electrons through a thick biofilm and across the biofilm/anode
interface, and what determines the upper limit to biofilm thick-
ness and catalytic activity (i.e. , current, the rate at which elec-
trons are transferred to the anode), are fundamental questions
attracting substantial attention. A significant body of experi-
mental evidence suggests that electrons are transferred from

individual cells through a network of cytochromes associated
with cell outer membranes, within extracellular polymeric sub-
stances, and along pili. Here, we describe what is known about
this extracellular electron transfer process, referred to as elec-
tron superexchange, and its proposed role in biofilm anode
respiration. Superexchange is able to account for many differ-
ent types of experimental results, as well as for the upper limit
to biofilm thickness and catalytic activity that Geobacter biofilm
anodes can achieve.
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Evidence that superexchange controls biofilm anode elec-
tron transport

How cells and cellular components coordinate in the transport
of electrons through a thick biofilm and across the biofilm/
anode interface and what limits the rate and distance that
electrons can be transported through an anode respiring bio-
film are unresolved. Cyclic voltammetry,[3, 6] conductivity meas-
urements,[7] and spectroelectrochemical measurements[8] per-
formed on living, actively respiring biofilms all indicate that
Geobacter biofilm anodes contain discrete, biofilm-bound
redox cofactors that are reversibly oxidized and reduced in re-
sponse to the anode potential. The key observation from all
three types of experiments is that the transport of electrons
through a Geobacter biofilm anode exhibits diffusive behavior
characterized by Fick’s laws of diffusion,[6a,d,7,9] consistent with
extracellular electron transport involving sequential electron-
transfer self-exchange reactions (i.e. , electron hopping) be-
tween discrete redox cofactors in a manner resembling an
electron “bucket brigade”.

We refer to this form of extracellular electron transport in
Geobacter biofilm anodes as electron superexchange, in defer-
ence to the established use of this term to describe this form
of electron transport within redox hydrogels including wired
enzyme electrodes.[10] Based on superexchange, the driving
force for extracellular electron transport toward the anode sur-
face during anode respiration is the effective concentration
gradient of electrons across the biofilm (i.e. , a redox gradient),
arising from the reduction of oxidized cofactors by microbes
within the biofilm, and oxidation of reduced cofactors at the
anode surface.[6d,7,9b] Accordingly, the local rate of electron
transport at any given location inside the biofilm, including at
the biofilm/anode interface, resulting in current is expected to
be proportional to the local concentration gradient of reduced
cofactor (Fick’s 1st law of diffusion).

In the case of cyclic voltammetry, a set of transient anodic
and cathodic voltammetric current peaks are observed for
living, actively respiring Geobacter biofilms grown on anodes
at sufficiently fast scan rates (typically >0.02 Vs!1).[6c, 9b] These
peaks result from the change in oxidation state of redox co-
factors within the biofilm in response to the changing anode
potential, and the potentials at which these peaks occur [at ap-
proximately !0.2 V vs. standard hydrogen electrode (SHE)] are
similar to the formal potentials of known c-type cytochromes
purified from G. sulfurreducens.[11] In electrochemistry, the term
pseudocapacitance is used to describe the charge (the integral
of current over time) associated with such voltammetric peaks;
a more thorough description of which is available.[6d] In all
published studies, these voltammetric peaks scale in magni-
tude with the square root of the voltammetric scan rate. This
observation indicates that a diffusive process (referred to as
semi-infinite diffusion in a confined film[6d]) consistent with su-
perexchange, governs the transport of electrons between bio-
film redox cofactors and the anode surface as the oxidation
state of the cofactors changes in response to the changing
anode potential. Moreover, the formal potentials of these vol-
tammetric peaks are centered on the midpoint potential of the

sigmoid-shaped catalytic current–electrode potential depend-
ency (i.e. , catalytic voltammetry) observed at slower scan rates
(typically <0.02 Vs!1). This is consistent with a catalytic current
limited by the rate at which cells deliver electrons to redox co-
factors in the biofilm that subsequently transport electrons to
the anode surface via superexchange, as determined by mod-
eling Geobacter biofilm anodes as enzyme-functionalized elec-
trodes (in the absence of pH considerations, vide infra).[9b] Vol-
tammetric peaks observed in the absence of acetate (non-turn-
over condition) are also centered at the same approximate
formal potential as when acetate is present, indicating that the
same electron transport process observed by voltammetry of
resting cells is involved in anode respiration.[9b]

In the case of spectroelectrochemistry,[8b, c] diffusive electron-
transport behavior consistent with superexchange is also ex-
hibited by actively respiring Geobacter biofilm anodes. Here,
a lag in the change of oxidation state of biofilm redox cofac-
tors, specifically c-type cytochromes (vide infra), is observed
spectroscopically while the electrode potential is changed
during voltammetry. This lag increases in duration with increas-
ing voltammetric scan rate and increasing biofilm thickness.
As above, this observation indicates that a diffusive electron
transport process governs the transport of electrons between
biofilm redox cofactors and the anode surface, where the time
required for electrons to radiate via superexchange across the
biofilm becomes more apparent the faster the electrode po-
tential is changed and the thicker the biofilm becomes.

In the case of conductivity measurements,[7] diffusive elec-
tron transport behavior consistent with superexchange is also
exhibited by actively respiring Geobacter biofilm anodes. Here,
a sigmoid-shaped dependency (rather than a linear dependen-
cy) is observed for a current conducted through a Geobacter
biofilm connecting two separated electrodes as voltage is ap-
plied to the electrodes.[7]

These independent measurements (electrochemical, spectral,
and conductance) performed on actively respiring Geobacter
biofilm anodes all yield results highly characteristic of systems
for which long-range electron transport results from electron
transfer reactions between discrete redox cofactors. This results
in diffusive-like electron transport behavior consistent with
known systems for which electron transport occurs via super-
exchange.[10]

Evidence for the role of c-type cytochromes

G. sulfurreducens cells possess an abundance of multiheme
c-type cytochromes on their outer membrane, in extracellular
polymeric substances, and along pili.[11a,b,12] C-type cytochromes
are ubiquitous redox proteins involved in biological electron-
transport processes, but are best known for systems in which
single or diheme cytochromes shuttle electrons between larger
electron transfer proteins.[13] In contrast, multiheme c-type cyto-
chromes can act as immobilized electron conduits spanning
large distances, as has been demonstrated for the Shewanella
CymA-MtrA-MtrC system,[14] where three multiheme cyto-
chromes transfer electrons from the inner membrane to the
outer surface in a sequence of 24 interacting hemes.
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Spectroelectrochemistry specifically implicates cytochromes
as the dominant redox cofactors involved in Geobacter biofilm
extracellular electron transfer. Four different laboratories have
used UV-Vis absorption spectroscopy,[8] surface-enhanced infra-
red absorption spectroscopy,[15] and surface-enhanced Raman
spectroscopy[16] combined with electrochemistry to investigate
Geobacter biofilm anodes, demonstrating characteristic spectra
of c-type cytochromes that undergo changes in oxidation state
with changes in the anode potential. Furthermore, Liu and
Bond[8c] found a linear increase in catalytic current with the
amount of c-type cytochrome in a Geobacter biofilm anode
during biofilm growth, consistent with electrochemical data,[6d]

demonstrating a linear increase in the amount of redox cofac-
tor in a Geobacter biofilm anode with catalytic current during
biofilm growth. Although they may be hidden by the large
signal produced by c-type cytochromes, no significant spectro-
scopic signals indicative of other potential redox cofactors
with formal potentials in this range (!0.2 to !0.5 vs. SHE),
such as quinones and flavins, have been detected.

Analysis of surface-enhanced Raman spectra directly impli-
cates c-type cytochromes in electron-transfer across the bio-
film/anode interface.[16] This evidence is further supported by
the observation of multiple sets of voltammetric peaks in
cyclic voltammograms recorded under non-turnover conditions
(where cells have no acetate to oxidize, e.g. , Figure 9B, Stry-
charz et al.[9b]) comparable to that observed for isolated multi-
heme c-type cytochromes involved in electron transport of
Shewanella oneidensis strain MR-1.[14b, c] Such peaks are consis-
tent with the presence of a multi-electron accepting redox co-
factor at the biofilm/anode interface, whose formal potential is
influenced by the number of transient electrons residing in the
cofactor due to repulsive electron–electron interactions (i.e. ,
a Coulomb blockade).[9a] Prior modeling indicates that the
formal potential of redox cofactors involved in electron trans-
fer across the biofilm/anode interface cannot be more negative
than the midpoint potential of the catalytic voltammetry (e.g. ,
Figure 9A in Ref. [9b]), suggesting that during anode respira-
tion, only one transient electron at a time may reside in multi-
heme c-type cytochromes transferring electrons to the anode.

Genetic data is less definitive with respect to implicating
cytochromes as redox cofactors involved in biofilm anode elec-
tron transfer, as deletion of certain G. sulfurreducens cyto-
chromes leads to multiple changes in expression of other cyto-
chromes and proteins.[17] Perhaps the most compelling evi-
dence involves the octoheme cytochrome OmcZ. This protein
is secreted outside the cell, where it is loosely tethered to ma-
terial extending far beyond the outer membrane.[12f, 18] Consis-
tent with its possible role as an extracellular electron transfer
agent, OmcZ tends to aggregate to itself, is highly stable, and
has a reduction potential of approximately !0.22 V versus SHE,
consistent with thermodynamics of anode respiration (vide
infra). Further, deletion of OmcZ eliminates the ability of G. sul-
furreducens to utilize anodes as electron acceptors. Many other
cytochromes, such as those shown to be organized along pili
(OmcS), loosely attached to the outer surface (OmcE), or at-
tached to the outer membrane (OmcB), also produce pheno-
types in anode-grown biofilms,[6c] but these mutants tend to

select for suppressor mutants able to express other cyto-
chromes, which complicates the study of their specific
roles.[17, 19]

Scheme of biofilm-anode catalytic activity

A schematic depiction of the proposed catalytic process, in-
cluding the superexchange extracellular electron-transport pro-
cess that incorporates the results described above, is shown in
Scheme 1. Details of independent components of this Scheme

have been described extensively elsewhere.[4,7,9b, 20] Here, for
a given microbe in the biofilm, electrons resulting from intra-
cellular acetate oxidation are transported from the cytoplasm
to outer membrane cytochromes associated with the microbe.
Once in the extracellular environment, electrons are transferred
between cytochromes, either on cell outer membranes, aligned
along pili,[12c] or in the extracellular polymeric substances,[12f]

until they reach cytochromes associated with microbes at the
biofilm/anode interface, where they are transferred to the
anode (referred to as a heterogeneous electron transfer reac-
tion as it involves an electrode). Concomitantly generated pro-
tons diffuse complexed with bases toward the media.

The following are key aspects of this scheme.

Electron transport must be very efficient

Cyclic voltammetry of Geobacter biofilms grown utilizing ace-
tate as the electron donor has repeatedly demonstrated a ther-
modynamic threshold below which Geobacter is unable to
donate electrons to an anode; this value is approximately
!0.22 V versus SHE.[3,6a, c, 9b,21] Taking into account the reduction
potential of the CO2/acetate half-reaction (!0.29 V vs. SHE),
this indicates that less than 0.07 V (6.7 kJ per electron) is used
during cellular respiration to generate proton motive force.
Thus, for the complete eight-electron oxidation of acetate
under standard conditions, only 53.6 kJ per mol acetate is po-
tentially available for all adenosine triphosphate (ATP) genera-
tion needs, a value that will be even lower as acetate concen-
trations are reduced. These electrochemical observations are
consistent with chemostat and modeling studies concluding

Scheme 1. Schematic depiction of Geobacter biofilm anode respiration at
the microbe layer. Here, biofilm-bound redox cofactors (c-type cytochromes)
associated with cell surfaces, along pili, and within extracellular polymeric
substances act as extracellular terminal electron acceptors for cells metabo-
lizing acetate, as well as mediators facilitating electron-transport through
the biofilm by self-exchange among adjacent cofactors, and ultimately as
the electron donors for electron transfer to the anode surface resulting in
electrical current. Concomitantly generated protons diffuse out of the bio-
film, in the opposite direction of electron flow, toward adjacent media.
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that Geobacter obtains much less than one ATP per acetate
oxidized when metals are the electron acceptor.[22] The low
energy gain from anode respiration may reflect the fact that
iron(III) oxyhydroxides in the environment also typically have
low redox potentials, and that, when acetate and FeIII are at
low concentrations, conserving any additional energy would
be uncompetitive.

The second important observation derived from voltamme-
try is that Geobacter only requires anodes to be poised at po-
tentials 0.1 V higher than this thermodynamic threshold to
reach its maximum rates of anode respiration. In other words,
when anodes are poised at !0.10 V versus SHE, cells respire
just as fast as when the anode is raised to potentials 0.5 V
higher.[3a,6c,7] This observation reveals two facts: Geobacter does
not take advantage of excess available potential energy when
anodes are poised at higher potentials, and only about 0.1 V is
lost while driving electron transport across multiple insulating
membranes, through multiple microns of extracellular space,
and across the biofilm/anode interface. Such a low energy loss
is only possible if the intrinsic rate of electron self-exchange
between proteins, and with the anode surface, is very fast (i.e. ,
activation energy barriers are very low).

A calculation investigating this low energy exchange hy-
pothesis has been performed to model electron transport be-
tween two microelectrodes spanning an extracellular fiber iso-
lated from Shewanella oneidensis strain MR-1.[23] Electron trans-
port for this organism has also been observed with very low
("0.1–0.2 V) driving forces, which was modeled by electron
superexchange among redox cofactors proposed to be associ-
ated with the fiber.[24] Electron transfer along such fibers at ob-
served rates[23] was possible via a superexchange mechanism
as long as the redox cofactors were closely spaced and the cal-
culated activation energy for electron transfer among adjacent
cofactors was among the lowest exhibited for biological elec-
tron transfer reactions (on the order of 0.6 mV).[25]

pH gradient

Proton transport is crucial within a Geobacter biofilm due to
high stoichiometric production of protons during anode re-
spiration:

CH3COO
! þ 3H2O ! CO2 þ HCO3

! þ 8Hþ þ 8 e! ð1Þ

In fact, no other microbial metabolic pathway, respiratory or
fermentative, produces as many protons per substrate con-
sumed as anode respiration because in the case of anode res-
piration, negative charge (electrons) is removed at the base of
the biofilm. As electrons are produced and transported to the
anode, concomitantly produced protons must be transported
out of the biofilm and into adjacent media.[20a] Proton transport
is thought to occur by diffusion[26] of protons complexed with
buffers (such as carbonate and phosphate ions)[20a,26b] owing to
low proton concentration at near-neutral pH values favored by
Geobacter.

The generation of protons by cells within a Geobacter bio-
film anode, and their diffusion out of the biofilm, is predicted

to result in the formation of a proton concentration gradient
across the biofilm (Figure 2). In this gradient, a drop in the pH
value is expected to occur close to the biofilm/anode interface.
This drop becomes more pronounced as the biofilm grows
thicker. Imaging by using pH-sensitive dyes confirms that a pH
gradient does occur, in which a pH value as low as 6.1 can
occur close to the biofilm/anode interface of a full grown Geo-

Figure 2. A) The proposed use for cytochromes in the biofilm to both accept
electrons from cells they are associated with, as well as electrons transport-
ed from cells residing further from the anode surface, is predicted to result
in generation of a redox gradient across the biofilm, represented by the
arrow pointing away from the electrode surface. With increasing distance
from the anode surface, the relative abundance of cytochromes in the oxi-
dized state decreases while the relative abundance of cytochromes in the re-
duced state increases, represented here by a shift in biofilm color from
white to red with increasing distance from the anode surface (z). In the ab-
sence of any other limitations, the biofilm will grow in thickness until the rel-
ative abundance of cytochromes in the oxidized state at the outer edge (L)
is too low to act as electron acceptors for cells, and thus cannot support
any additional biofilm growth. B) In addition, the generation of protons
inside the biofilm due to anode respiration, and their transport out of the
biofilm by diffusion, is expected to result in generation of the depicted pH
gradient across the biofilm indicated by the arrow pointing toward the elec-
trode surface. As the biofilm grows thicker, the pH drops further in the bio-
film represented here by a shift in biofilm color from white to purple with
decreasing distance from the anode surface (z). In the absence of any other
nutritional limitations, the biofilm will grow in thickness until the rate of
electron transport through the biofilm region closest to the anode surface is
inhibited either by direct effects of low pH values on cytochromes, on the
metabolism of cells in this low pH region, and/or on the availability of oxi-
dized cytochromes distant from the electrode.
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bacter biofilm anode,[27] a pH value known to decrease meta-
bolic activity.[21] Such a pH gradient is expected to dispropor-
tionally affect metabolic activity of microbes closest to the bio-
film/anode interface and is, therefore, expected to diminish
the net contribution to current by additional cells as the bio-
film grows thicker. The effect of a low pH value may be even
more pronounced, creating a negative feedback loop that
limits biofilm thickness, if the rate of electron transfer between
adjacent cyctochromes and/or across the biofilm/anode inter-
face itself is negatively affected by low pH values. Although
little is known about the pH optima of cytochromes involved
in these reactions, the distorted sigmoid-shaped current–volt-
age dependencies of G. sulfurreducens biofilm anodes recorded
under conditions that exacerbate the effects of pH (e.g. ,
Figure 6 in Torres et al.[20a]) are consistent with the hypothesis
that as the pH value decreases, the rate of electron transfer
across the biofilm/anode interface decreases (e.g. , Figure 8 in
Ref. [9b]). Decreasing the pH value has also been shown to
shift the midpoint potential of cytochromes within the extra-
cellular matrix positively by approximately 50 mV for each pH
unit (close to the theoretical Nernstian value of 0.059 V per pH
unit), which would reduce the driving force for transferring
electrons to anodes.[21,28] Thus, while multiple experiments
have shown that biofilm anodes are severely affected by the
pH value,[20a,21,26b, c, 27] more information related to both the
physiological impact (effects on metabolic activity of cells),
along with the biochemical and electrochemical effects
(changes in cytochrome electron-transfer kinetics), is needed
to elucidate the importance of proton export on electron
transfer through biofilms to anodes. Independent of the exact
mechanism, diffusive proton transport is predicted to result in
less active microbes near the biofilm/anode interface that may
limit current density and thus the extent of biofilm growth.

Oxidized cytochrome concentration gradient

Within a Geobacter biofilm, an oxidized extracellular cyto-
chrome may both accept electrons directly from the microbe it
is associated with and from neighboring reduced cytochromes
originating from microbes residing farther from the anode sur-
face (Scheme 1). This competition for use of cytochromes is ex-
pected to generate a concentration gradient of oxidized cyto-
chromes (and due to mass balance, reduced cytochromes)
across the biofilm (Figure 2). In this gradient, cells closer to the
anode surface experience a higher concentration of oxidized
cytochromes able to accept their electrons, whereas cells far-
ther from the anode surface experience a lower local concen-
tration of oxidized cytochromes able to accept their electrons.
As a result, the activity of cells is expected to decrease with in-
creasing distance from the anode surface, opposite the effect
expected from the pH gradient described above. In the limit-
ing case, the local concentration of oxidized cytochromes at
the outer edge of the biofilm will be too low to support addi-
tional biofilm growth. Under this condition, modeling indicates
that the biofilm is still predicted to exhibit an undistorted sig-
moid-shaped catalytic current–voltage dependency, as has
been observed experimentally in many laboratories.[3a,6a,9b, 20b]

Three lines of experimental evidence indicate that such
a concentration gradient occurs within a Geobacter biofilm
anode. We (Glaven and Tender) recently obtained direct evi-
dence for such a gradient, in which the electrochemical poten-
tial inside a G. sulfurreducens biofilm measured 10 mm from the
anode surface is approximately !0.2 V versus SHE (Snider,
et al. , manuscript in preparation). At this potential, cyto-
chromes are over 80% reduced, even though a highly favor-
able electron acceptor (an anode poised at +0.1 V vs. SHE) is
only 10 mm away. Secondly, spectral evidence is provided by
Liu and Bond,[8c] in which the proportion of reduced cyto-
chromes within a respiring Geobacter biofilm anode increases
with increasing biofilm thickness even though cells are again
only microns away from an anode poised at a potential suffi-
ciently positive to oxidize all c-type cytochromes. Lastly, tran-
scriptional evidence obtained by slicing biofilms and compar-
ing gene expression at the top versus near the electrode[29] re-
vealed down-regulation of acetate oxidation and ribosomal
genes, indicating respiration rates slowing with increased dis-
tance from the anode.

Role of nanowires

Proteinaceous filaments extending from the cell membrane
into the extracellular environment have been observed for
many electrode-reducing bacteria.[24b,30] Filamentous structures
from two anode-respiring organisms, G. sulfurreducens[30,31] and
S. oneidensis,[23–25,32] have been investigated in depth. Specifi-
cally, conductivity across the diameter of sheared G. sulfurredu-
cens fibers[30] could be measured by means of conducting
atomic force microscopy (AFM), which could not be detected
in Type IV pili mutants. Conductivity could also be measured
across the diameter and along the length of individual S. onei-
densis fibers,[23,24b] but aside from mutants in the general
Type II secretion pathway responsible for excreting a wide
range of proteins to the Shewanella outer surface, no data is
available on the identity or composition of Shewanella fibers.
In the case of the lengthwise conductivity measurements, Po-
lizzi et al.[25] calculated that this conductivity could arise from
electron superexchange involving redox cofactors associated
with the fiber rather than from metallic conductivity.[31,33] Al-
though there are clear differences between these two organ-
isms, the apparent conductivity of both Geobacter and Shewa-
nella fibers has led to the general term of “nanowires” for
these extracellular structures contributing to extracellular elec-
tron transport.

The Geobacter structures exhibiting this conductivity are be-
lieved to be primarily comprised of the Type IV pili structural
protein PilA,[30] although other filamentous appendages are
present in deletion mutants lacking PilA.[34] All Geobacter spe-
cies, as well as close relatives, which are not capable of elec-
tron transfer to electrodes, possess a complete suite of Type IV
pili genes typically studied for their ability to retract and pull
cells closer to surfaces. The PilA protein of Geobacter is also
significantly shorter than most commonly studied bacterial
Type IV pilins, including those found in Shewanella, which has
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also been interpreted as evidence that these structures per-
form additional roles.[35]

Deletion of the entire pilA gene significantly inhibits attach-
ment of cells to each other[36] and affects formation of biofilms
on glass slides even when electron transfer is not a consider-
ation, further indicating that Geobacter pili contribute to adhe-
sion and attachment. PilA mutants also attach poorly to
anodes and secrete fewer essential cytochromes such as
OmcZ,[35,37] offering a possible explanation for why PilA is re-
quired for maximum catalytic current generation.[6c,33] Deletion
of the same pilin, however, does not affect electron transfer re-
actions in which a cathode serves as the electron donor.[38] Fur-
ther complicating elucidation of the specific role of pili in elec-
tron-transport of actively respiring anode grown Geobacter bio-
films is the fact that the c-type cytochrome OmcS has been
shown to localize along pili during metal reduction[12c,35] and
during interspecies electron transfer between cell aggregates
undergoing syntrophic respiration.[39] Moreover, it has been
shown that pilA contains two different translational start sites,
resulting in a long and short isoform of the protein.[40] Expres-
sion of only the long form of PilA results in cells unable to pro-
duce pili, but rescues much of the cytochrome secretion de-
fects and restores 75% of catalytic current production to G.
sulfurreducens pilA mutants when grown on anodes.[40]

Despite the confounding effects of pili on attachment, adhe-
sion, retraction, and anchoring of cytochromes, which could all
lead to shorter electron transfer distances and increased bio-
film growth, a decrease in current generation by Geobacter
pilA mutants has been attributed to inherent conductive prop-
erties of these structures.[31] Temperature-dependency meas-
urements of dried crude pili extracts, and on mutant biofilms
that form uniquely tough layers able to be peeled from elec-
trodes and placed across the gap of a split-gold electrode, sug-
gest that direct conduction of electrons through these prepa-
rations occurs by a metallic-like process.[31] It is not clear at this
time how this data relates to the mechanism controlling the
electron transport through an intact, actively respiring wild-
type biofilm, and the interpretation of these experiments has
been debated elsewhere.[33] However, the hypothesis of metal-
lic electron conduction by pili does not provide explanations
for the finite thickness of biofilms, their diffusive redox charac-
teristics, their conductive properties measured while active re-
spiring, or the finding that cytochromes in actively respiring
Geobacter biofilms are partially reduced.

Conclusions

We have described an evolving scheme of biofilm anode respi-
ration that is ultimately controlled by superexchange among
extracellular cytochromes. Although it is likely that other com-
ponents are also involved, this model is able to account for
many different types of experimental evidence reported for ac-
tively respiring Geobacter biofilm anodes and places specific
physical limits on both the thickness and current densities ob-
tainable by anode-reducing bacteria.

According to this concept, local pH values in the biofilm are
expected to decrease with increasing biofilm thickness due to

the finite rate of outward diffusion of protons generated inside
the biofilm by respiration. Low pH values may inhibit the rate
cytochromes operate at in superexchange directly by altering
redox potentials as well as indirectly by slowing the metabolic
activity of the cells they are associated with. In addition, the
finite rate of electron exchange between cytochromes is ex-
pected to cause the local concentration of oxidized cyto-
chromes in the biofilm to decrease with increasing distance
from the anode surface. This phenomenon results from the
dual use of oxidized cytochromes to both accept electrons
emerging from local cells, and to accept electrons from cells
residing farther from the anode surface.

Based on these outcomes, we propose that a biofilm anode
will grow in thickness until either the pH value near the anode
surface becomes sufficiently low that it inhibits cytochrome
function of the innermost cells, thereby limiting the ability of
all cells in the biofilm to transfer electrons to the anode, or
until the local concentration of oxidized cytochromes experi-
enced by the outermost cells becomes too low to support ad-
ditional growth. As experiments have directly detected both of
these inhibitory effects within living G. sulfurreducens biofilm
anodes, they likely act synergistically to limit biofilm thickness
and thus catalytic activity.

Key challenges that remain are experimental visualization of
a network of cytochromes throughout the biofilm and the ex-
tracellular structures that ensure the close interactions required
for rapid electron transfer. Extrapolating from an entirely differ-
ent organism, to explain the conductivity measured along
a single isolated Shewanella fiber,[24a] a superexchange-based
mechanism would require cofactor spacing on the order of
1 nm, consistent with intra-heme spacing in multiheme c-type
cytochromes.[7,23,25] With the identification of at least one multi-
heme cytochrome that aligns along Geobacter pili (OmcS), mul-
tiple cytochromes found associated with cell surfaces (e.g. ,
OmcB and OmcE), cytochromes found associated with extracel-
lular materials (OmcZ), and more than 50 genes encoding for
additional multiheme cytochromes,[41] numerous candidates for
interacting self-exchange pathways exist along cell surfaces
and extracellular structures.
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